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Abstract
This work is mainly concentrated on two different topics. The first topic is the 
development of methods for solving the cracking problem in latex films. The second 
topic is the development of a new technique, called Infrared Assisted Evaporative 
Lithography (IRAEL), which is used for the patterning of polymeric surfaces.
The addition of carbon nanotubes is proposed as a method to increase the critical 
cracking thickness of hard latex films. It was found that larger latex particles lead to 
higher critical thicknesses. Furthermore, the addition of pure poly(vinyl-pyrrolidone) 
(PVP) and MWNT/ PVP dispersion in latex resulted in higher critical thicknesses (up 
to 30 % higher). A second method developed to prevent latex cracking is the use of 
infrared (IR) radiation. Thick, crack-free films were made from a hard latex. It was 
found that the rate of particle sintering under IR radiation is significantly greater than 
in an oven at 60 °C and is faster when IR absorbing materials were used. No 
plasticizers were required, and no volatile organic compounds (VOCs) were released 
in the process.
IRAEL combines the principles of standard evaporative lithography with the infrared 
assisted latex particle sintering method. A mask with holes is placed under an IR 
source to modulate the evaporation rate across a film surface. Experiments show that 
a lower distance between the mask and film, a larger pitch (with a maximum at 5 
mm), higher solids volume fraction (with a maximum at 0.37) and a higher film 
thickness lead to higher peak-to-valley heights of the raised features. In addition it is 
shown that the peak-to-valley height is affected by the substrate on which the latex 
film was cast. IRAEL has many advantages compared to other common patterning 
techniques. Specifically, a broad range of features can be achieved, there is no use of 
solvents, the energy consumption is lower compared to other techniques, and it is 
applicable to a variety of substrates. Also it is a simple, fast and cheap technique. 
Furthermore, the infrared heating of the latex films above the glass transition 
temperature of the polymer makes possible the film formation of hard latexes as 
opposed to the standard evaporative lithography, which is applicable only to soft 
particles.
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Chapter 1
1.1 Latex Film Formation
1.1.1 Introduction
There is a need for hard and clear waterborne coatings for a variety of applications. In 
waterborne coatings, the main solvent is water, which is required for environmental 
reasons to reduce the use of polluting substances. In addition, hard and clear coatings 
are needed for applications in automotive, aerospace and industrial systems. One very 
common type of waterborne coating is latex. Latex is an aqueous colloidal dispersion 
of polymer particles (usually spherical).
1.1.2 Main steps of latex film formation
When latex is cast on a substrate and evaporation is allowed, a continuous, 
homogenous film is formed under appropriate conditions. This process is called film 
formation^’^ ’^ .
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Fig. 1.1 Steps of latex film formation (polymer particles with light blue and water on orange)
The main steps of film formation are (Fig. 1.1):
a) Initial stage: The latex is cast on the substrate. The dispersion has around 10- 
50 wt % sohds content. There is no particle ordering.
b) Evaporation of water results in a more concentrated dispersion and particle 
ordering.
c) Particle deformation occurs in order to fill all voids left by the removal of the 
water.
d) Particle coalescence and interdiffiision of polymer across particle-particle 
boundaries takes place. Coalescence is the union of particles to reduce their 
total surface area.
e) Finally, a clear, continuous and homogenous film is formed.
It is important also to mention, that for successful fihn formation, the film must be 
formed at or above the minimum film-formation temperature (MFT). MFT is the 
minimum temperature at which the dry film is transparent and crack-firee. In addition, 
after the film formation if the applied temperature is above the polymer’s glass 
transition temperature, Tg, aging or further coalescence of the film can result.
1.1.3 Particles distribution during solvent evaporation from thick 
films
In a fluid which contains particles in a solvent (e.g. latex), as the solvent evaporates, 
the particle concentration increases. It is often observed for thick films that the 
particle distribution during drying is not uniform, but a layer of consolidated particles 
lies on top of a still fluid dispersion below. Routh and Russel"*’^  proposed a Peclet 
number, Pe, which controls the vertical distribution of particles. Pe is the ratio of the 
time for diffusion, tdiff, over the drying time, tdty, and given by:
M E  kT ’
Where:
rj is the solvent viscosity, R the particle radius, h is the initial film thickness, È  the 
evaporation rate, kT  the thermal energy. For colloidal particles the Stokes- Einstein 
diffusion coefficient is given by
D^y=kT! 67rrjR (Eq. 1.2)
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Fig. 1.2 Uniform and not uniform drying of a latex wet film of thickness h and connection to the 
Peclet number
When P e « \ ,  diffusion is strong relative to evaporation and uniform particle profiles 
are expected. For P e » \  particles are predicted to be accumulated at the film surface 
(Fig. 1.2).
1.1.4 Forces operative during film formation
Initially we can divide the forces on colloidal particles^ into two types:
a) Those from the surrounding liquid: if the colloidal particle is completely 
surrounded by liquid, an isotropic hydrostatic pressure is applied to it, which is 
equal to the liquid pressure.
b) Those from the presence of other colloidal particles. Suppose we have two 
particles touching each other at one point, and also that the net force is such 
that the particles are just not repelled by each other but also do not deform 
each other by being forced together. At that point the stress condition is 
isotropic with a value equal to that of the hquid pressure. So, the net force 
between two contacting colloidal particles is equal to the total force minus the 
force of the isotropic stress in the particles due to the liquid pressure. 
Consequently, only external forces can deviate from the isotropic stress 
condition within the particles and result in particle deformation.
These external forces can be:
a) Gravitational force
b) The Van der Waals force
c) The repulsive force caused by the overlap of the electric double layers
d) The capillary pressure caused by the receding of the bulk/ water air interface
e) The capillary pressure caused by liquid bridges between particles 
Gravitational force leads to settling in a dispersion but in our case is very small and 
can be neglected.
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The Van der Waals force is the attractive force particles experience when brought 
within a very small distance from each other, within a few nanometres. The origin of 
this force Hes in fluctuations in the charge distribution of the atoms. The Van der 
Waals attraction force Fattr for two identical spheres is given by:
Pattr =
_ £
6R
—As 8 (Eq. 1.3)
Where A is the Hamaker constant, and s is the dimensionless distance defined as the 
ratio of the distance between the particle centres and the particle radius
The repulsive force caused by the overlap o f the electric double layers 
Colloidal particles in latex coating can be stabilised by either electrostatic forces, due 
to the presence of charged groups at the particle surface, or by steric means i.e. by 
repulsion between low molecular weight polymers adsorbed at the interface. Also 
these two mechanisms can be combined. These repulsive forces have to be overcome 
in latex film formation so the latex particles can approach each other close enough to 
deform. How strong these forces are is determined by the surface charge density and 
the subsequent distribution of the electrolyte near the interface.
The capillary pressure caused by the receding o f the bulk water/ air interface 
Before the stage when the deformation of the particle starts, we have a dense random 
packing of the colloidal particles with some water still between the particles. The 
water in the bed of particles forms a meniscus. In this case a pressure difference exists 
over the curved surface with the higher pressure on the inner side of the curvature 
(Fig. 1.3).
Fig. 1.3 Water/ air interface into the packing of the particles, where 0 is the contact angle of the 
water air interface and the particles and R is the particle radius
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This pressure is called capillary pressure and for a meniscus in the neck regions 
between three particles is given by:
APc « 12.9
cos (9
R
(Eq. 1.4)
where 0 is the contact angle of the water/ air interface and the particles and j v  is the
/a
water/ air surface tension.
The capillary pressure caused by liquid bridges between particles 
When the water/ air interface reaches the substrate surface, some water can remain 
between particles in contact forming liquid bridges (Fig. 1.4). Again there is a 
pressure difference between the inside and the outside of the bridge, and depending on 
the curvature of the liquid bridge the pressure will tend to press the particle together 
or push them apart.
AB=AC=Pi
Fig. 1.4 Water/ air interface at the contacts between particles. Where, Ti and the radii of the 
liquid bridge and a  is the filling an^e.
This pressure difference is given by:
= (Eq. 1.5)
Where rj and r2 are the radii of the liquid bridge (negative radii of curvature 
corresponds to concave surfaces, while positive radii corresponds to convex surfaces), 
as defined in Fig. 1.4 and from geometric considerations we have:
1 - cos orTj =-R
r^=R
cos(ar + 6)
1-cos (%smûf+-
cos(cif+^)
(sin(û'+/9)-l
(Eq. 1.6)
where a  is the filling angle.
In this case it is more revealing to consider the force, Fc as the contact force pushing 
the particles apart, instead of the pressure difference resulting from these bridges. This 
force is provided by the pressure inside the liquid bridge pulling or pushing the 
spheres apart and by the water/ air surface tension pulling the spheres together. 
This is given by:
Pc (Eq. 1.7)
A negative Fc corresponds to the case where the two spheres are pulled together.
1.1.5 Driving force for the particle deformation
There was a disagreement between Dillon et al and Brown about which is the driving 
force for the particle coalescence^’^ . On the one hand, Dillon et al.  ^proposed that the 
driving force for the particle coalescence is the surface tension of the polymer/ air 
interface, yp/a. They assumed particle deformation occurs after water has left the film 
and treated the latex particles as viscous spheres. In this case the excess pressure due 
to the surface tension inside a spherical surface of radius R over the outside surface is 
given by:
(Eq. 1.8)
R
They used the Frenkel^ equation:
Where 0 is the half angle of coalescence defined in Fig. 1.5 and rj is the viscosity of 
the polymer.
Fig. 1.5 The half angle of coalescence 0 and the radius R of the particles
We can note several points fi’om the above. First of all, the angle 0 is a valuable 
measure of the action of the latex and relates to the physical properties of the film.
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The higher the 0, the voids in the film become smaller, which results in increased 
tensile strength, when diffusion across particle boundaries takes place. From above 
we can also see that d is proportional to the surface tension and inversely proportional 
to the viscosity and the particle radius. That means for a given latex we can change 
the viscosity, and this will affect the 9 and consequently the particle coalescence. The 
viscosity can be changed either by heating the film or by the addition of plasticizers 
that lower the glass transition temperature, relative to the ambient temperature.
In the case of heating, we have the Vogel-Fulcher equation to describe the 
temperature dependence of viscosity tj\
n = e x p ( - ^ )  (Eq. 1.10)
Where rjo, B and To constants for a particular polymer.
From this we can see that a temperature increase of the polymer results in a lower 
viscosity. From the Frenkel equation, lower rj means a higher 6 and so a better particle 
coalescence.
On the other hand, Brown argued that the capillary forces are the primary driving 
forces for the particle deformation and treated the particles as elastic spheres^®. 
According to Brown the condition for film formation is that the capillary force Fc is 
higher than the resistance of the spheres to deformation Fg. So:
Fc> Fg .
Brown showed after some calculations that this condition occurs when
G < 5 5 W ^ (E q .  1.11)
Here, Gt is the shear modulus of the film measured by observing the strain resulting 
fi*om the application of stress for duration of time t.
Initially there was a belief that one of the two models is correct and the other not. 
Actually, as shown in more recent works, the driving force for the particle 
deformation depends on the condition of drying and the characteristics of the polymer 
particles and film.
As shown in the work fi’om Routh and Russel^\ there are the following cases:
Wet Sintering: the driving force is polymer- water surface tension. It occurs when the 
evaporation time is higher than the time for viscous collapse. This relates to the model 
of Dillon.
Dry sintering: the driving force is the polymer- air surface tension. It occurs when the 
evaporation time is much less than the time needed for viscous collapse.
Capillary deformation: the driving force is the water/ air surface tension as proposed 
by Brown.
Receding water front: initially deformation occurs by capillary mechanisms, but the 
deformation is not complete by the time the capillary pressure reaches the maximum 
value. After this step, as the water evaporates and leaves dry particles behind, the 
deformation mechanism, switches to a dry or moist sintering.
Sheetz Deformation: in some cases there is a possibility of skin formation in a drying 
film. The skin is a coalesced polymer layer above a wet layer. Sheetz argued that 
diffiision of water through the skin creates a large osmotic pressure in the fluid below, 
causing deformation. Another possible explanation, as the skin slows evaporation, 
other mechanisms like wet sintering can cause compaction.
10'^
1Q2
10'
IQO
Dry/moist sintering 
Receding Water Front
Capillary
Partial skin
Wet Sintering Skinning
/
slows
Pe
Fig. 1. 6 Driving forces for deformation of the latex particles depending on the drying conditions. 
Figure taken from reference 12
In the Fig. 1.6 we can see which of the above mechanisms occurs depending on 
several factors. X = ■ — is the ratio of the time for viscous collapse over the
evaporation time (all these parameters have been defined above), and Pe is the Peclet 
number as described in section 1.1.3. Skin formation will only occur when drying is
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non- uniform {Pe » 1 )  and the film is subject to wet sintering. Furthermore it was 
shown that the addition of salts can increase the tendency for skin formation^^. This 
happens as the addition of salts can decrease the electrostatic repulsion of latex 
particles and hence encourage coalescence of the particles. Furthermore, induced 
flocculation can promote heterogeneous drying and hence increase the likelihood for 
skin formation. It was also found that the drying is not only affected by the 
concentration of the salt and the valency of its ions, but also affected by the type of 
ions.
1.1.6 Use of coalescing aids
In order to have better particle coalescence and hence better filming properties in the 
coating, coalescing aids can be added to the film^ .^ Their role is to act as a plasticizer 
both for the latex particles and for the polymer film formed, but they usually 
evaporate from the fihn. The coalescing aid results in a decrease of the Tg of the bulk 
polymer and hence a reduction of the MFT.
Hby^ emphasized that the efficiency of the plasticizer depends on the amount used, 
its distribution between the aqueous and the polymer phase at the critical time during 
film formation, and the Tg of both polymer and coalescing aid.
Another factor to consider is how volatile is the plasticizer. To be effective it must 
remain in the film a certain period of time. On the one hand, if the evaporation is very 
fast, it will not be effective at long times. On the other hand, slow evaporation results 
in a soft film, with a Tgtoo low for the intended application.
It is important to calculate the change in the glass transition temperature, Tg, with 
addition of the plasticizer before adding it. Toussaint et al.^  ^ developed a model for 
the reduction of the Tg when a coalescing agent is added. This allows one to calculate 
how much plasticizer should be added to a given latex to lower the MFT or Tg to the 
required amount for good film formation value. This is useful, as there is no need to 
formulate the latex film by the trial and error method. According to their model, the 
temperature lowering AT of the glass transition temperature of the polymer due to the
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addition of a plasticizer or the amount of plasticizer, expressed in volume fraction cpc, 
to be added to the polymer to decrease the Tg by AT is given by:
l + (K-V)<Pc (Eq. 1.12)
___________ AT_________
^'^“ k (t;^ -7 ; j - ( k - i)at
There,F = a^/ap, where, in turn, ap and ac are the difference between the thermal 
expansion coefficient above and below the Tg for polymer and coalescent, 7^  ^ is the 
Tg of the polymer, is the Tg of the coalescent,.
Finally, as the use of plasticizers comes under scrutiny for environmental reasons, 
some studies are concentrated on the measurement of the amounts released during 
coating drying. Lin and Corsi^^ study the emission of Texanol from latex paints. 
Texanol is a commonly-used plasticizer in latex waterborne paints, and like the other 
plasticizers, it is a source of volatile organic compounds (VOCs). This study is 
interesting as there is no clear understanding of the impact of such emissions and the 
nature of the emissions processes. The reason for this study is the relative large mass 
production and the fact that the public generally has a close contact with the chemical, 
because it is used in paint products. They found that the emission of Texanol to air 
occurred not only during the wet- film stages but also at the dry-fihn stages following 
the paint application. However, the amounts emitted within the first 100 hours of the 
application are much higher compared to those emitted later. Furthermore, they found 
that the amounts emitted are strongly affected by the substrate to which the paint is 
applied and by the paint composition.
1.1.7 Use of Atomic Force Microscopy (AFM) for the study of latex 
film formation and flattening of latex film surface
The atomic force microscope (AFM) has proven to be a very useful tool for the study 
of the latex film formation, especially the particle coalescence and the flattening of a 
latex film. Wang et al.^  ^ reported the first AFM study of latex film formation and 
aging. They studied the surface of 30 pm thickness films of poly(butyl methacrylate) 
(PBMA) cast on smooth mica.
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Goudy et studied with AFM the effects of aging and annealing in thin 
polystyrene latex films (~1 pm thick). Polystyrene is a latex with a Tg of 100 °C. AFM 
images of the films annealed at 105 °C for (a) 0.5 hours, (b) 3 hours and (c) 17 hours 
are presented in Fig. 1.7. It is clear from these images that for a specific temperature 
above the Tg, the film becomes flatter as the annealing time increases.
(a) (b)
(c)
Fig. 1.7; Latex film AFM images after annealing at 105 °C for (a) 0.5 h, (b) 3 hours and (c) 17 
hours. Figures taken from reference 18
In addition, changes in the peak-to-valley height and the peak-to-peak distances as a 
function of the annealing time have been studied. The peak-to-peak distance is 
determined as the distance between the centres of the adjacent particles and the peak- 
to-valley height, z, as the difference in height between the top of a particle and the
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trough between two adjacent particles. From Fig. 1.8a it is clear that there is no 
change in the peak-to-peak distance, regardless of the annealing temperature or the 
duration of the annealing. From Fig. 1.8b it is clear that for annealing temperatures 
lower than the Tg, the peak-to-valley height is constant with increasing annealing 
time. Furthermore, if the annealing temperature is higher than the polymer’s Tg the 
peak-to-valley height decreases with a faster rate initially and after that levels off to 
much lower values. Moreover, the rate of levelling is faster for higher temperatures. 
Finally, it was also shown that the smaller the particle size, the shorter is the 
annealing time that is required for a flat surface.
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Fig. 1, 8 (a) Change in Peak-to-Peak distance with time while annealing at 95 °C(«), at 105 °C(b) 
and at 110 °C (♦) for latex films, (b) Changes in Peak-to-valley height, z, with time while 
annealing at 95 °C(«), at 105 °C(b) and at 110 ”C (♦) for latex films. Figures taken from reference 
18.
Goh et al.^  ^studied the effects of the annealing on the surface structure of poly(butyl 
methacrylate) particles (PBMA, 2R= 337 nm) with AFM. The peak-to-valley height, 
z, as a function of the annealing time at 70 °C is presented in Fig. 1.9a. Here, there is a 
fast drop in the z at early time and a slow levelling off. It is known that the film is 
formed by coalescence of the individual particles. Also, it can be assumed that the 
minimum energy consideration is that of a flat film. Initially before the annealing 
there is an excess surface energy, which will become lower at the end of the annealing 
when the surface will become flat. An approximation of the total film area is that it is
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the sum of the areas of the individual particles. The surface area A associated with 
each particle is given by the expression:
A = ^{R^+z^) (Eq. 1.13),
As the z approaches zero (with the annealing), the particle is flattened and the surface 
area reduces to is a measure of the extra surface area due to particle
curvature. The logz^ plotted as a function of logt is shown in Fig. 1.9b. The fit to the 
power law is quite good with an exponent of -1 showing that the surface area 
decreases linearly with the time.
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Fig 1.9 (a) Peak to valley height as a function of the annealing time at 70 °C (h) Plot of logz  ^as a 
function of log t for the same time shown in (a). Figures taken from reference 19
A model for the flattening of a latex film surface was proposed by Perez and Lang^®. 
They considered the flattening of a dry latex film made fi'om particles with a radius of 
a. In addition, it is assumed that the polymer/ air surface tension yp/a is the driving 
force for the film deformation and the polymer stress growth viscosity 7^(0 is the 
resistance to particle deformation and acts against surface film flattening. They 
derived an equation to describe how the particle peak-to-valley height, h, varies as a 
function of annealing time:
1 1 24^ f As
h \ t )  hi a I: (E ql.l4)
whereas ho is the initial value for the peak-to-valley height and is determined 
experimentally. This equation will be used in the data analysis in Chapter 3.
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This model predicts also the roughness of the surface of a latex film as a function of 
the annealing time. It is given by
2
2
r dt
•arcsm (Eq. 1.15)
where R(t) is given by R^{t) = Rl +3/ûf^ f , which is the theoretical variation of
i
the spherical cap radius, Rq = --------  is the initial value for t=0 and 2#  is the
diameter of the particle (Fig. 1.10). Furthermore, the stress growth viscosity is 
obtained by measurements of the storage and loss moduli.
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Fig. 1.10 Schematic representation of the cross section of a latex film. Figure taken from 
reference 20
PBMA films made of latex particles synthesized with and without surfactant were 
used to test the model. An example of the AFM images is presented in Fig. 1.11. This 
is a typical evolution of film annealed at 70 °C for different periods of time. In these 
images the lighter the grey the higher the z value. Here, it is clear the flattening of the 
latex as the annealing time increased.
-14 -
#e  .
r—i40O.Q n#
200.0 AM
'D . 0  AM
Fig. 1.11 AFM images (2jim x 2 fim) : Evolution of the film annealed at 70 “C for different 
periods of time, a) nascent film, b) after 1 min, c) after 4 min, d) after 9 min, e) after 16 min and 
after 35 min. Figure taken from reference 20
The experimental results for the roughness and the predictions of the model are 
plotted in Fig. 1.12 as a fimction of the annealing time for several values of surface 
tension. The experimental values for the roughness were obtained from the AFM 
images. There is an agreement between the predicted values and the experimental for 
y in the range from 20 to 40 dyn/cm.
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Fig. 1.12 Rms measured in AFM as a function of the annealing time. The continuous lines are 
predictions of the model for three different values of surface tension. Figure taken from reference 
20
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Fig. 1.13: Flattening of the viscous liquid surface as the liquid or gel is allowed to dry
Another useful model for the surface levelling in viscous liquids and gels was 
proposed by Orchard^\ This is of particular interest in the paint industry, since the 
smoothness of the finish is determined by the levelling. In his model, it is assumed 
that the driving force for the levelling is the combination of surface tension and 
gravity, and these are opposed by the viscosity of the viscous liquid. From this 
analysis it comes that for a thin layer the peak-to-valley height as a function of time 
will be given by:
z, = Zo exp[— ■t] (Eq. 1.16)
From this equation we can note that the decay time for the levelling is given by:
3 # "
T ~ (Eq. 1.17)
and hence x~q, from which is coming the prediction that the higher the viscosity, the 
more time it takes for a film to flatten (Fig. 1.13). This model is consistent with the 
model of Perez and Lang, but it is applied to longer length scales on a film surface, 
rather than to individual particles.
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1.2 Cracking of Colloidal Films
1.2.1 Cracking: An introduction
After a rainy day, if we observe the drying of the mud we can see that it starts 
cracking (Fig. 1.14). Soil is a granular solid. Cracking during drying occurs in other 
granular solids, such as colloidal films. In the coatings industry there is a need for 
crack- free films, so the study of the cracking mechanisms is of high interest.
Ü P ^
Fig. 1.14; Mud cracking^
In an early work in 1921, Griffith^ studied “The phenomena of mpture and flow in 
solids”. One of the main conclusions of his work is that a crack will be formed in a 
brittle solid if the energy released during cracking will balance the energetic cost of 
creating a new surface. In this thesis, new approaches to prevent cracking are 
investigated (Chapter 2).
1.2.2 Cracking in drying latex films: a step by step approach
Tirumkudulu and Russel^ studied the cracking in drying latex films. When a high Tg 
latex film is cast in ambient conditions and allowed to dry, cracking is observed.
A wet film of a latex with “large particles” (342 nm diameter and Tg of 100 °C) was 
cast and allowed to dry. During the experiments, stresses were measured using the 
classical cantilever technique"^’^ , in which a wet film dries on an elastic substrate. This 
technique has been used previously by Petersen et al  ^ to measure the stresses during 
latex film formation. The experimental setup used by Tirumkudulu and Russel was 
similar to the one described by Petersen et al. Results of the measurements follow. 
The dimensionless stress is plotted as a function of the dimensionless time (Fig. 1.15). 
The dimensionless stress is the bulk stress, a, over the characteristic capillary pressure
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2yw/c/R- The time is rendered dimensionless by dividing by the total evaporation time, 
so t=l is for the end of the drying process. Some images which were taken during the 
drying are also attached to the graph. In the initial stages of drying (for stages before 
those shown in the photos) two different regions can be observed in the film, one at 
the edge where the particles are concentrated and packed and another in the centre 
which is the fluid domain. The thickness of the film at this time is not uniform; it is 
thinner on the edges.
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Fig. 1.15: Dimensionless stress as a function of dimensionless time for latex with large particles 
and (90=0.38. A wet film of size 10 mm by 20 mm and initial average thickness of 104 pm cast on 
copper substrate. Also images of the film at various times during the drying process are included 
(a)- (f). Figure taken from reference 3.
This can be easier understood from two cartoons from a previous study by the same 
authors^. In Fig l.I6a, a schematic diagram of a latex film drying is presented. Here, 
the nonuniform thickness of the films causes the particles to concentrate at the edges. 
In the study of the “large paificles” only the two areas are observed, as the films are 
not large enough. Three areas are observed for films with dimensions larger than 30
- 2 0
mm. In Fig. 1.16b, a diagram of the two dimensional propagation of the drying front 
in a latex drying on a substrate is shown.
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Fig. 1.16 (a) A schematic diagram of a latex film drying containing the clear film region,(0 < x < 
Xd), saturated solid region (Xd < x < Xf) and the fluid region (Xf < x < L) (b) Two dimensional 
propagation of the drying front. The central region contains the dilute dispersion where the outer 
gray region refers to the solid domain. Figures taken from reference 7
Going back to the results for the “large particles”, (Fig. 1.15) as the film starts to dry 
the stress increase almost gradually until a point that drops almost to zero. At this 
point, bright streaks appear in the film, which is connected to the nucléation and 
propagation of the cracks, which radiated from a dimple in the centre of the film. 
Optical microscope observations show that some of the cracks are initiated from 
bubbles trapped at the surface of the films. The sequence of images in Fig. 1.17 shows 
the nucléation of cracks and the subsequent propagation of them.
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Fig. 1.17 Sequence of images showing the nucléation of cracks and the subsequent propagation of 
cracks from bubbles trapped at the surface of a wet film. The time interval between images (a) 
and (d) is approximately 2 s. Figure taken from reference 3
In addition, after removing the debonded film, a monolayer of particles is found to 
coat the substrate as shown in the SEM image (Fig. 1.18). This means that the cracks 
are not initiated at the particle-substrate interface but in a small distance into the film. 
Finally, during the drying, weight loss experiments have shown that the evaporation 
rate was constant and not affected by the cracks or debonding.
%
Fig. 1.18 Image revealing the presence of a thin layer of particles on the copper substrate after 
the films prepared from the “large particles” latex dispersions have been debonded. Figure taken 
from reference 3
Also, a study of latex with “small particles” of 95 nm diameter and Tg of 105°C 
follows. Fig. 1.19 shows the dimensionless stress as a function of the dimensionless 
time. In this case the time is i  = t j //7(l-<ziy), whereas (^ Q=0.5 is the initial volume 
fraction. As seen in Fig. 1.19, the bulk stress initially increases up to a maximum 
value at t = 0.3, and after that there is a fast drop as a result of the propagation of the
2 2 -
cracks from the edges. After this decrease, the observed increase is connected to 
particle deformation. In contrast to the “large particles” here we have generation of 
the cracks close to the edge and propagation towards the centre. The crack spacing is 
constant in the lower half of the film; in the upper half the spacing is slightly larger.
As in the “large particles” sample, for times t -  0.2 and t = 0.35 the two areas of the 
saturated and dilute dispersions can be observed. In addition to these, two more 
distinct regions with translucent and cloudy white bands appear near the outer edges
of the film at  ^= 0.35 and r = 0.4.
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Fig. 1.19 Dimensionless stress as a function of the dimensionless time for the latex with small 
particles and ^o=0.5. The wet film is cast on copper substrate with dimensions of 12.8mm by 6.7 
mm and average thickness of 97 pm. Also images of the film at various times during the drying 
process are included (a)- (f). Figure taken from reference 3
For better observation of these areas, a thicker film, with lower volume fraction, was 
cast (Fig. 1.20). The areas are according to the image: A- dilute dispersion, B-close 
packed saturated regions, C- translucent, partially saturated domain, D- cloudy dry, 
but porous domain and E- fully dry state in which the particle deform under van der 
Waals forces to induce stress in the film.
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Fig. 1.20 Latex with small particles, thickness of 280 pm and volume fraction ^^=0.2. The five 
different areas in a thick latex film are: A-dilute dispersion, B-close packed saturated regions, C- 
translucent, partially saturated domain, D-cloudy dry, but porous domain and E-fully dry state. 
Figure taken from reference 3
In addition, it is important to mention that the evaporation rate remained constant 
through the drying process and only decreased near to the end. Finally, as for the 
“large particles” sample, SEM images (Fig. 1.21) showed that there is a thin layer of 
particles that adhere to the substrate, and after that the cracks start initiating.
Fig. 1.21 Image revealing the presence of a thin layer of particles on the copper substrate after 
the films prepared from the “small particles” latex dispersions have been debonded. Figure taken 
from reference 3
In summary, a large amount of work has been reported on the topic of cracking in 
drying of latex films. It is clear that the appearance of the cracking is connected with a 
drop in the stresses and also that the cracks can initiate from defects on the films.
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Consequently, a better understanding of the stress mechanism in the films and the 
elimination of the defects in the films can result in films with less cracking.
1.2.3 Critical thickness and critical stress
Tirumkudulu and Russel^ developed a model which results in an expression for the 
dimensionless critical stress for a nucléation of an isolated crack cr^(Fig. 1.22), as a
function of the dimensionless film thickness. To develop their model they employed 
the Griffith’s criterion and used a model proposed by Routh and Russel for a packed 
array of elastic particles saturated by water.
Two limits were set relevant to the fluid flow in the porous structure during crack 
propagation. In the short time limit, just after the crack appears, there is no time for 
the fluid to flow through the network, so the film must deform incompressibly. At 
longer times, there will be a flow of the fluid through the particle bed to equilibrate 
the pressure and the fluid velocity will relax to zero everywhere.
^ — Crack tip
film
substrate
Fig. 1.22 Schematic diagram of an isolated crack propagation across the film. Figure taken from 
reference 3
So for the two hmits we have the following expressions.
Short time limit:
(Eq. 1.18)
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Where, h is the height of the film at the time of cracking and is related to the bulk 
strain g^by = (Eq. 1.19), there \  and are
respectively the initial average height and particle fraction of the film and is the
height at the close packing, ^  is the particle fraction at the close packing, and G is
the stress relaxation modulus of the particles.
Long time limit:
2r,/» \ h  )  \_ y
The two expressions differ by less than 5 %.
.20)
They also showed an expression for the distance 2W between two parallel cracks 
which is given for the above two limits by:
1 = tanh m l kW H h
[ i h ] cosh(W/2/z) P - 3
(Short time) (Eq. 1.21)
1 ( •J s m '' ■ JsW /lh
2 / — tanh
[ 2h J cosh(^^PF/2A) (longtime) (Eq. 1.22)
Where, ^ is the spring constant, K  connects the critical stress associated with one 
crack cr^ , with the one associated with multiple cracks = Kcr  ^^ , with K>\ as
the critical stress for multiple cracks is higher than for one.
The experimental results are compared to those predicted by the model in Fig. 1.23 
and 1.24. The critical stress as a function of the dimensionless thickness is plotted in 
Fig. 1.23. The trends for the experimental results and the models are the same, but the 
experimental values are almost three times higher. On the other hand, in Fig. 1.24 the 
crack spacing as a function of the height of the film is shown. The experimental 
values are in an agreement with the model for K=1.6.
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Fig. 1. 23 Critical stress at cracking as a function of the dimensionless thickness for latex films 
compared with the prediction of the model. Figure taken from reference 3
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Fig. 1.24 Crack spacing as a function of the height of the film compared with the prediction of the 
model. Figure taken from reference 3
Finally, Lee and Routh^ studied how the cracking space depends on the temperature in 
drying latex films. It is found that as the temperature increases the distance between 
the cracks become bigger, up to a temperature where there are no cracks.
In another paper relevant to cracking of thin films of colloid dispersions, Man and 
Russel^ measured directly the critical stresses. They measure directly the capillary
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pressure at which the homogenous films crack. They studied different thicknesses and 
both latex and silica dispersions with different particle sizes.
It was found that the critical capillary pressure increases with decreasing film 
thickness and increasing particle shear modulus. In addition, it was found that the 
crack spacing is decreasing with increasing stress and also that some new cracks can 
start fi’om pre-existing or newly created defects and flaws.
Singh and Tirumkundulu^^, using Eq. 1.21 for the critical stress at the short time hmit, 
showed the critical thickness for that case is given by the expression:
= (Eq.1.23)
where M is the coordination number. The critical thickness is the highest possible 
thickness for films without cracking.
They refer to this regime as strain- limited and this equation is applicable for the case 
of soft particles, where the capillary pressure deforms completely the particles without 
creating a crack. This is only possible when the tensile stress at maximum 
deformation is less than the critical stress. In this case, the critical thickness is 
independent of the particle size, and inversely proportional to the modulus.
As this is not in agreement with the experimental results for hard particles, another 
equation for the critical thickness of films with hard particles is proposed:
= 0.64max
1/2
"^Yv/la
"^Ywla
3/2
(Eq. 1.24)
In the above equation the maximum attainable dimensionless capillary pressure is 
given by {-P ^)R /2y^^i^= \A . In this case, the critical thickness varies with the
modulus as This is the stress- limited regime. In this case the particles are too 
hard to be deformed completely by the capillary pressure, and so the critical cracking 
thickness is obtained by equating the critical stress to the tensile stress at the 
maximum capillary pressure. Consequently from Eq. 1.23 and 1.24, we have a
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prediction for the critical thickness for both soft and hard particles. In Fig. 1.25, the 
dependence on G for both regimes is shown.
f t  f  f  f
Solwnt Evaporation Liquid menisci
h = h
Dispersion at random close packing ( ^  =  )
(Uniaxial compression)
Slrnin limited. I — L 5 b 1 > i_ a  
V 3
« =
Son Particles 
(Complete deformation, f  =  1 — )
Stress'limilcd,
Hard Particles 
(Partial deformation)
' ■ ■ ■ ■ ■ ■ '  '  t  I I I i i . l  I I t  1. 1 m l ............  . . .  I I . . .  . t  1 t  I    . .   I
Shear Modulus,G
Fig. 1.25 Critical thickness variations as a function of shear modulus. For very soft particles the 
particles deform to close the voids for capillary pressure less than the maximum. For hard 
particles the menisci adjust their curvature till the maximum capillary pressure is reached, 
beyond which they recede into a network resulting in partial deformation. Figure taken from 
reference 10
It is know that the modulus strongly depends on the temperature. Especially, as the 
temperature increases, the modulus drops very fast^\ From the above graph we have 
that if the polymer is heated and the modulus drops, we “move” from the stress- 
limited regime to the strain- limited regime, and hence result in a film with higher 
critical thickness.
Finally, in Fig. 1.27 the measured critical thickness is plotted as a function of the
characteristic scale---- — —  for several materials. The moduli of these materials are
2/
listed in Table 1.1. The different data points for the same material correspond to 
different particle sizes. The coordination number and the particle fraction are around 
the same for each material and finally the yw/a= 0.072 N/ m for all the cases.
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It is clear from Fig. 1.26 that higher modulus leads to higher critical thicknesses for 
different materials. In addition, for the same material, larger particle size, leads to 
higher critical thicknesses. Both of these are in agreement with the model prediction 
for the hard particles.
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Fig. 1.26 Critical thickness as a function of the characteristic scale . For the same
material, the bigger the particle size, the higher the critical thickness. The different materials 
have different moduli. Figure taken from reference 10
Table 1.1; Modulus of the Materials
Material G (GPa)
Acrylic 0.8
Styrene-butadiene 1
Sihca 31
Alumina 156
Polystyrene 1.6
Zirconia 81
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1.2.4 Effect of different chemistry on the eritical thickness
Carreras et studied the cracking of films of drying aqueous alumina suspensions. 
They compared the critical thickness of flocculated suspensions with pH 9±0.15 and 
dispersed suspensions with pH 1.75 ±0.10. The films with the dispersed suspensions 
had almost three times higher critical thickness than the flocculated. This result was 
explained by the higher packing density which results in a greater number of particle- 
particle interactions per unit area and hence higher limits of stresses the film can stand 
without cracking. Addition of PVA, which acts a binder, doubled the critical thickness 
for both cases. Finally, the critical thickness became almost ten times the initial when 
PVA was crosslinked with 2,5-dimethoxy-2,5-dihydrofuran (DHF).
1.2.5 Effect of Carbon Nanotubes on Cracking
Watts and Hsu^  ^ studied the behaviour of carbon nanotubes embeded in a polymer 
matrix during film cracking. In this case, the stresses were not, like in the colloidal 
dispersions, caused by capillary forces, and the cracking was not connected to drying 
mechanisms. But, the stresses were induced by an electron beam which was employed 
near pre-existing nano cracks in order for the cracking process to be enhanced. It was 
found that when the nanotubes bridged the films edges, the crack propagation was 
decelerated, whereas when the CNTs are detached fi*om the films edges, there is rapid 
cracking propagation. It was shown that there is no fracture of the nanotubes, but they 
stretch and pull out from the film (during crack propagation).
1.2.6 Studies on the Cracking patterns
Not only the mechanisms of the drying and how they are connected to the cracking 
has been studied, but also the patterns of the cracks. In addition to the more common 
linear and cellular cracking patterns, smoothly curving patterns are known in 
materials science. Neda et al.^ "* studied the spiral cracks in drying precipitates and 
proposed a model for the mechanism which generates this type of crack. The effect of 
suspension salinity on the cracking of drying colloidal of silica sol was studied by 
Pauchard et al.^ .^ It was found that different salt contents resulted in different crack 
patterns. Finally, the crack patterns in thin films of colloidal silica suspensions were 
studied by Dufresne et al.^  ^ and Allain and Limat^^, whereas Shorlin et al.^  ^ studied 
the cracking patterns in a thin layer of alumina/ water.
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1.3 Heating and Thermal Radiation
1.3.1 Introduction
From all the previous work about colloidal film cracking, it can be easily understood 
that there is a need for crack-free films. In the coatings industry, it is also important 
for specific applications that those crack- free films are hard enough and have a high 
scratch resistance. Finally, for environmental reasons it is important during the 
coating drying to use the least possible energy and to minimise the emission of VOCs.
This thesis will explore the heating with infrared radiation, as an alternative way to 
increase the critical thickness and prevent cracking in hard latex films (Chapter 3). 
Therefore a review of the use of infrared radiation in the past will follow.
1.3.2 Infrared Radiation
Penetrates Earth's 
Atmosphere?
Radiation Type 
Wavelength (m)
Approximate Scale 
of Wavelength
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Frequency (Hz)
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most intense 
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Fig. 1.27 Electromagnetic spectrum^
Infrared radiation^ is the part of the electromagnetic radiation with wavelengths from 
700 nm to 1 mm. Electromagnetic radiation is energy resulting from the acceleration 
of electric charge and the associated electric and magnetic fields. Other than the 
infrared, the other regions of the electromagnetic spectrum are: radio waves, 
microwaves, visible, ultraviolet. X-rays and Gamma rays (Fig. 1.27).
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Infrared radiation is not something dangerous, but actually it exists around us all the 
time. Any object with a temperature above 0 K, -273 °C, emits at least some infrared 
radiation (1 K emits mainly in the microwave region). Even the human body emits 
infrared radiation, as does a candle, hot fluids and foods, a flame, a light bulb and, of 
course, the Sun.
According to the International Commission of Illumination (ICI) we can divide the 
infrared spectrum in three bands^ (Table 1.2a). Another more common division is"^  
shown in Table 1.2b.
Table 1.2a: Divisions of infrared spectrum (according to ICI)
IR-A 700nm-I400nm
IR-B 1400nm- 3000nm
IR-C 3000nm- 1mm
Table 1.2b: Division of infrared spectrum
Near- infrared 0.75-1.4 pm
Short- wavelength infrared 1.4- 3 pm
Mid- wavelength or intermediate infrared 3-8 pm
Long- wavelength infrared 8-15 pm
1.3.3 Black Body Radiation
As we will see later, the spectrum of the Infrared lamp which was used in our 
experiments is like the one of a black body, so there is a need to determine what a 
black body is and the basic equations connected to it.
A black body^ is a perfectly absorbing (and emitting) surface. On the one hand, when 
the black body is cold, it is black as no light is reflected or transmitted. On the other 
hand, when it is hot, it emits more thermal radiation than that of any other hot body at 
the same temperature.
Planck’s law describe the spectral emittance h  of a black body as a function of the 
wavelength X and temperature T and it is given as:
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h  =
iTthc^
hc (Eq. 1.25)
Where, h is the Planck’s constant which is 6.63x10 J  j", c is the speed of light (3.0 
■ 10^  in/s), and k  is Boltzmann’s constant which is 1 . 3 8 x 1 0 " ^ ^ / .  In Fig. 1.28, we 
can see a simulation of the intensity of emittance as a fonction of the wavelength for 
different temperatures.
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Fig. 1.28 Intensity of lamp radiation emission as a function of the wavelength for different 
temperatures^
The maximum emittance can be found from the spectrum produced by a black body. 
The wavelength of the maximum emittance can be used to estimate the temperature 
through Wien’s law. Wien’s law shows that the wavelength of maximum emittance is 
inversely proportional to the temperature. Wien’s law is given by:
= (2 9 0 x l0 - 'm .^ )x ^  (Eq. 1.26)
For example, if the maximum emittance of a black body is =l.2juni, this
corresponds to a temperature of 2400 K. It is known from basic physics that for every 
electromagnetic wave the energy E, is connected to the wavelength with the following 
equation: E=hc/X.
1
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From this equation and Wien’s law it can be shown that the energy at maximum 
emittance Emax, is proportional to the temperature, hence Emax~ T.
Stefan- Boltzmann’s law shows that the total flux or power per unit area, emitted by a 
blackbody at all wavelengths is proportional to the fourth power of the temperature 
and is given by:
S ^ a T "  (Eq. 1.27)
where, (x = 5.67x10“*IT l{m^ -K *). From Stefan- Boltzmann’s law we can calculate 
the power per unit area a lamp emits.
Finally, as we will use a lamp for heating of a polymer film, a part of the radiation 
will be absorbed by the sample. According to Beer- Lambert’s law^, if Iq is the initial 
intensity of the beam and 7; is the reduced intensity after passing through a layer of 
thickness 1 (Fig. 1.29) we have:
T  = ^  = e-" (Eq. 1.28)
0^
where T is the transmittance and is a constant called the absorption coefficient and 
is given by:
jj, = - In y (Eq. 1.29)
c, a
I
h
Fig. 1.29 Beer- Lambert’s law for the absorption of a beam of radiation when passing through a 
sample with thickness /  *
1.3.4 Heat transport
When an object or fluid is at a different T from its surroundings or another object, 
heat transfer occurs in such a way that the body and the surroundings reach thermal
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equilibrium. Heat is transferred from a higher temperature object to a cooler one. The 
heat is transported via three different mechanisms^: Conduction, when heat is 
transferred by direct contact of the particles of the matter; Convection, when energy is 
stored in a moving fluid and carried from one place to another with the motion of the 
fluid; and Radiation, when energy is transferred via electromagnetic waves.
To understand better these mechanisms an example of our everyday life follows. All 
these mechanisms are present in the hot water heating system in a house^. Water as a 
moving fluid transfers heat from the boiler to the radiators (convection). Heat 
diffusion occurs through the metallic walls of the radiators (conduction). Finally, heat 
spreads from the surface of radiator to the volume of the room (radiation). Radiation 
is supplemented by some convection of air heated by direct contact with the radiator.
.oxœncxxiooQO-
Radiation
Convection
Conduction
Fig. 1.30 Mechanisms of heat transport in a latex film. Conduction and convection in a 
convection oven, and radiation from an IR lamp.
As explained in sect. 1.1,2, the latex film formation can be enhanced by heating it 
above the glass transition temperature. Heating can be achieved in one of the three 
types of ovens. In a conventional oven, first there is heating of the substrate and later 
heat transport with conduction to the film. The heat is conducted by phonons in the 
solid. In a convection oven there is some heat conduction, but also there is heated air 
circulated using a fan, resulted in heating by the transport of hot molecules by 
convection. This results in faster heating and lower energy consumption compared to
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the normal conduction oven. Finally, under an infrared lamp, the heat is transferred to 
the film via radiation. Fig. 1.30 shows there these three mechanisms.
1.3.5 Advantages of Infrared Heating
According to scientists and engineers in the food industry^the main advantages of 
infrared heating are: Reduction of drying time, alternate energy source, increased 
energy efficiency, uniform temperature in the product while drying, better quality 
finished products, reduced necessity for air across the product (convection), high 
degree of process control, space savings and a clean working environment. These 
advantages are expected to apply to the case of the heating and drying of films of 
latex coating with the aid of infrared radiation.
1.3.6 Types of IR Emitters
In Fig. 1.31, several types of IR lamps are shown^\ It is important to mention again 
the fact that the energy at maximum emittance is proportional to the temperature. The 
temperature of the various types of lamps can range from 300 to 2200 °C. In the work 
presented in this thesis, a reflector heat lamp will be used.
1. Reflector heat lampü 
(around 2200 °0)
2 Tubular halogen quartz 
emitters (around 2200
3. Molybdenum diallicide 
emitters (up to 1800 °C)
4: Tubular quartz emitters 
(up to 1600 °C)
5. Silicon carbide emitters 
(from 600 to 1600 ”C)
6. Tubular and flat quartz 
emitters (up to 950 °C)
7. Meta! ribbon emitters 
(up to 800 °C)
6 Metal sheathed emitters 
(up to 800 °C)
9. Ceramic emitters (300  
°C to 700 X )
Fig. 1.31 Types of infrared emitters. Figure taken from reference 11
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1.3.7 IR drying and curing
Bibliographic research shows that IR drying has mainly been studied in food science. 
In a review paper^®, Krishnamurthy describes the basic physics of IR and most of the 
up-to-date research in infrared heating in food processing. A few examples in this 
field are studies of the drying of rice^^, potato^^, and onion '^^ .
As mentioned above, the energy use is lower m the case of IR lamps compared to the 
convection ovens. Heist and Cremer^^ studied the sensory quality and the energy use 
for baking cookies. They compared baking in infrared, forced air convection and 
conventional deck ovens. It was found that the energy use was greatest in the 
convection oven. In addition, Afeal et al.^  ^ studied the drying of barley. They 
compared the energy and quality aspects during combined IR- convection drying. It 
was found that during the combined convective and IR heating process of barley, the 
total energy required was reduced by about 156 %, 238 % and 245%, as compared 
with the convection drying alone at 40, 55 and 70 °C, respectively.
In addition to food science, there are also a few studies of the drying of polymer and 
latex films with the aid of infrared radiation. Most of these are concentrated on the 
drying time and evaporation of solvents. Salagnac et al.^  ^ studied the drying of an 
aqueous industrial solution of poly (vinyl alcohol) (PVA). It was found that in order 
to avoid having deformation and bad quality of the final product, the infrared 
radiation should be controlled and regulated. The drying time was reduced from 120 
min. (for convective drying) to 30 min. (for combined convective drying with 
constant IR irradiation) and 15 min. (for combined convective drying with a varied IR 
irradiation). The drying of water-based acrylic pressure sensitive adhesives with the 
aid of infrared radiation was studied by Kajtna et al.^ .^ There were no significant 
differences in the peel adhesion values for different samples, for different distances 
from the IR source to the sample, and for different heat fluxes (except for high fluxes 
at small distances). In addition, the drying time was shorter when the power appHed 
was higher.
The evaporation of solvents in waterborne systems by infrared radiation treatment 
was studied by Rosier et al.^  ^ The mass transfer coefficient of water increased from
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300% to 500% for IR assisted evaporation when compared to conventional thermal 
evaporation at the same driving potential. As the mass transfer coefficient is 
proportional to the drying rate, that means that also the evaporation rate of water was 
higher in the case of IR assisted treatment.
The near infrared drying of pharmaceutical thin polymer films was studied by Le 
Person^^. After comparing the drying by convection, conduction, medium and short 
infrared, it was shown that the initial drying velocity for infrared heating was about 
twice the velocity of the other systems. In addition, the convective and radiant (IR) 
curing of thin layers of epoxy coatings was studied by Blanc et al.^\ With the use of 
infrared radiation, a higher heating rate can be achieved compared to convective 
heating. Finally, it is important to mention that although there are many studies on the 
coalescence and flattening of latex particles in convection ovens, according to our 
knowledge, there are no previous studies on that subject when the heating is under IR.
1.3.8 IR absorbers
As shown above, infrared radiation can be used for heating or drying in several 
systems. Better results are expected to be achieved when materials with high 
absorbance in the range of the infrared are used to increase the temperature rise.
Several types of near infrared absorbing organic materials are cited in a review paper 
by Wang et al.^  ^An example of a conductive polymer used as an infrared absorbing 
material is polypyrrole (PPy). Li et al.^  ^ prepared polypyrrole (PPy) ethylene- vinyl 
acetate (EVA) copolymer blends and studied their potential use as hot- melt adhesives 
which can be activated by irradiation with NIR light. Two different types of blend 
were studied: a blend of a dispersion of PPy particles with a dispersion of EVA 
particles, and as PPy- coated EVA core- shell particles. In another study by Schmid et 
al.^ "^  PPy has been deposited from aqueous solution onto micrometre sized Thermally 
Expandable Microspheres (TEM). As the PPy absorbs in the NIR, when the PPY- 
coated TEM particles were exposed under NIR, localized heating resulted and hence 
an expansion to many times of their original volume. A possible application of these 
PPy- coated TEM particles is for reversible adhesion of car glazing and panels. More 
recently, other conducting polymers^^ (polyaniline and poly(3,4-
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ethylenedioxythiophene) [PEDOT]) have likewise been shown to be effective in 
enhancing IR heating of TEM particles, because of their strong absorption 
characteristics. In the work in this thesis, PEDOT will be used as an IR absorber in 
latex films.
IR- absorbing materials have also been used in medical applications. Huang et al.^  ^
studied the use of gold nanoparticles (which absorb in near infrared) as a 
photothermal agent for the selective killing of pathogenic bacteria. In addition, Shi 
Kam et al.^  ^ studied selective cancer cell destruction with the aid of single-walled 
carbon nanotubes (which highly absorb in the near infrared range).
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1.4 Patterning of polymeric surfaces
1.4.1 Introduction
For several applications there is a need for patterned surfaces at the micro- and nano­
scale. This thesis will present a new method for creating a patterned surface (Chapter 
4). A review of the most common techniques follows.
1.4.2 Nanopatterning and Micropatterning using a mold
1.4.2.1 Principles of technique
A mold is a patterned, textured surface in which a polymer melt is injected or which is 
pressed on a polymer melt in order to make a patterned polymer surface. There are 
several cases where a mold is used for patterning of a polymeric surface, including: 
injection molding, compression molding, capillary micromolding and ultraviolet 
nanoimprinting.
In the injection molding technique^’  ^ (Fig. 1.32a), a polymer melt is injected in the 
closed mold (through the melt inlet). After that, the polymer is allowed to cool down 
and solidify. Finally, the mold is opened and the solid polymer replica is removed.
In compression molding^’ (Fig. 1.32b), the polymer melt is placed on the lower 
plate on a piece of an aluminium foil. A shim is fitted on the upper plate at a 
temperature lower than the solidification temperature of the melt. The upper plate is 
moved down until the shim is in contact with the melt. After that the upper plate is 
moved up again. The melt solidifies on the shim. Finally, the polymer replica is 
removed from the shim. When mechanical force is used, the pressure is not uniform, 
and hence this affects the uniformity of the final patterned surface. In order to achieve 
more uniform pressure, apphcation of electromagnetic force^ and gas pressurizing^ 
have been used.
In capillary micro-molding^’  ^(Fig. 1.32c), an appropriate mold is placed on a support. 
This mold has a network of channels (either lines or more complex patterns). After 
that a drop of the prepolymer is placed at the one end. Due to capillarity, the polymer 
fills the channels. Then curing of the prepolymer, either with heating or 
photochemically, follows. Finally, the mold is removed.
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In ultraviolet nanoimprinting^ (Fig. lx.32d), a UV-curable resin is dispensed on a 
stamp and a glass wafer (or other substrate) is placed on it. After the resin is spread 
out, it is cured under UV radiation. Finally, the polymer with the wafer, are separated 
from the stamp.
Water 
cooling' 
or
heating
Mould cavity 
Backolote
Electric healing
♦
Melt inlet
-,Water 
;:-^ooling  
or heating
Upper plate, T<Tg
Shim 
Polymer melt
A l u m i n i u m  foil 
Lower plate, T>Tg
(a)
PDMS
Cut off ends
Place on a support
Place a drop of prepolymer 
at one end
Cflannels fill tiy
capillary action
Cure: Remove PDMS 
£  Polymer
(b)
!'il ^  Glass!wafer '' 0!
onomer solution 
8-inch silicon stamp
Glasf wafer
8-inch silicon stamp
Poiymer pillar
Resin dispensing
Resin spread out
i
UV curing 
Separation
Poiymer PC on the wafer
(c) (d)
Fig. 1.32 (a) Schematic view of the injection molding mold setup (b) Schematic view of the 
compression molding setup. Figures taken from Reference 1 (c) Schematic view of the capillary 
micromoulding. Figure taken from Reference 3 (d) Schematic view of the ultraviolet nanoimprint 
lithography. Figure taken from Reference 9
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1.4.2.2 Examples and applications
An example of patterned surface obtained through injection molding is shown in Fig. 
1.33a. The mask used consisted of squared pillars repeated equidistantly along 
perpendicular directions. For this example, the height of the pillars and the depth of 
the holes in the polymeric surface are around 200 nm. According to the authors, the 
width and the distance between the squares could range from 310 nm to 3100 mn and 
the depth of holes in the polymeric surfaces could range from a few nanometres to a 
few hundreds of nanometres. The polymer used here is polycarbonate (PC).
An example of a patterned surface obtained through compression molding is shown in 
Fig. 1.33b. The mask used is a diffraction grating with a depth o f450 nm and a period 
of 700 nm. The height in the PC replica is about 450 nm. Cui and Veres^  ^reported the 
replication of a pattern with this technique with feature dimensions ranging from nm 
up to few millimetres.
Examples of patterned surfaces obtained through capillary micromolding are shown in 
Fig. 1.33c, d. The patterns range from rectangular slabs to more complicated patterns.
An example of a patterned surface obtained through ultraviolet nanoimprinting is 
shown in Fig. 1.33e. The surface has nanopillars with a pitch of 530 nm, and both the 
height and the diameter of pillars are equal to 265 nm. Also more complicated 
patterns can be developed with this technique. Lee and Kwon^  ^replicated plant leaves 
surfaces. These surfaces have a combination of micro- and nano- structures.
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Fig. 1.33 (a) Patterned polycarbonate obtained though injection molding (b) Patterned 
polycarbonate obtained through compression molding. Figures taken from Reference 1 (c) and 
(d) Patterned of poly(metbylmetbacrylate) fabricated by capillary micromoulding. Figures taken 
from Reference 3 (e) Polymer pillars obtained with ultraviolet nanoimprint lithography. Figure 
taken from Reference 9
Applications of this type of patterning that have been demonstrated include 
antireflection surfaces^, organic PC structures as an OLED substrate^, highly 
hydrophobic surfaces^\ moth-eye-structured LED^  ^ and drag-reducing paints for the 
reduction of fuel consumption in aviation and shipping Potential applications of this 
type of patterning i n c l u de op t i c a l  components (light couplers, filters for 
waveguides, lasers and 2d photonic crystals, LED), pattern transfer masks, CD and 
DVDs, semiconductors, substrates for cell and bacterial growth and direct patterning 
of electronic circuits.
1.4.2.3 Limitations of the technique
When a mold is used, fabrication of ultrahigh resolution patterns is a difficult task. In 
addition this technique is not ideal for mass production as it lasts too long. Also, the 
polymer must be thermoplastic, UV- thermally curable or otherwise deformable to 
adapt to the shape of the patterns on the master. Moreover, it is hard to remove the 
patterned surface from the mold without causing damages on it. Finally, it is difficult 
to scale up in terms of area^^’
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1.4.3 Solution- casting of polymer films
1.4.3.1 Principles of technique
One of the simplest methods of patterning a polymeric surface is casting a polymeric 
solution on a surface under specific conditions.
The use of breath figures^^’ is one of the methods to fabricated self­
assembled micro- and nanopattemed polymeric surfaces. A solution of a polymer is 
cast on a substrate at high atmospheric humidity and is allowed to evaporate. 
Evaporative cooling leads to formation of water droplets on the liquid surface. 
Finally, evaporation of the solvent and water leaves an imprint of a hollow, air filled, 
hexagonally ordered polymeric bubble array. Although this technique is quite easy to 
apply, the exact mechanism is not yet clear. Three different mechanisms have been 
proposed. It is not that one of them is correct and the others wrong, but it might be 
that for each material system a slightly different mechanism could operate.
0 0
«vaporatlon
of solvent
byosp lw y
/GOOOO-HD -rO
condensatbn of water
water droplet organic
polymer
sofation
O  ^^convection*^^ /
^  O  0  0  G  © G G G  O  G i
receding
3-pIiaseline
(i) (ii)
Fig. 1.34 (i) Mechanism for the breath figured arrays proposed by Srinivasarao. Fig taken from 
Ref. 17 (ii) Mechanism for the breath figure proposed by Maruyama. Fig. taken from Ref. 18
Each of the three mechanisms will now be described
.19In the first mechanism, according to Srinivasarao (Fig. 1.34i), when there is moist 
airflow on a sinface of a polymer solution, the surface temperature decreases to -6 -  0 
°C due to evaporative cooling. Then water droplets start to nucleate and grow on the
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surface (levitate on it). Later, the droplets form a close packed hexagonal array. 
Afterwards, the droplets do not coalesce, but start to sink into the solution. After that a 
second layer can be deposit on the top of the first. This step can be repeated. This 
happens only if the solvent is less dense than water. On the other hand, if the solvent 
is denser than water, only one layer of droplets can be formed. Finally, when the 
solvent and water evaporate a 2D or 3D imprint of the water droplets is left in the 
polymeric matrix.
In the second mechanism, Pitois and Francois^®’ proposed that the water droplets 
touch the surface and do not levitate on it, as Srinivasarao proposed. The droplets are 
kept apart by an interfacial polymer layer. It is important to notice that this layer does 
not affect the droplet growth. Again after this step, there is an hexagonal ordering of 
the droplets and evaporation of the water and solvent leads to an hexagonal pattern of 
pores on a polymeric surface.
Finally, Maruyama^^ (Fig. 1.34ii) et al. proposed a third mechanism in which the 
droplets neither levitate nor are ordered on the surface. According to them, the 
droplets are dragged in the solution due to thermocapillary and Maragoni forces. As 
the diameter of the solution shrinks, more droplets get closer to the three phase line 
(where the solution, air and substrate meet) and hexagonal packing by capillary force 
is generated at the solution front. Then the three phase line moves over the array of 
the water droplets. The water droplets and some of the polymers between them are 
left behind. Finally, water evaporation leads to the hexagonal pattern of pores in the 
polymeric surface.
Furthermore, it is important to mention here that although in all the cases we have 
initially nucléation of water droplets, after that the three mechanisms are very 
different as they proposed levitation, touching of the surface and submerged water 
droplets. On the other hand, all of the mechanisms invoke Maragoni convection and 
thermocapillary effects in the ordering of the droplets.
Other cases where evaporation of the solvent results in a well ordered polymeric 
smface include: “reverse” breath figures (ordered micro-spheres)^^, ordered 
mesoscopic patterns in polymer-cast films by dewetting^^, hexagonal packed micellar
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film after drying of a solution of a modified copolymer^^, ordered hexagonal droplet 
patterns in a phase-separating polymeric blend film^ ,^ well-ordered 2d corrugated 
patterns due to Benard-Marangoni instabilities during solvent evaporation^^, 
hexagonal patterns induced by surface tension driven convection^® and controlled 
evaporative self-assembly in confined geometries^^’
1.4.3.2 Examples and applications
As mentioned in 1.4.3.1 hollow, air filled, hexagonally ordered polymeric bubble 
arrays can be obtained by the breath figure method. The size of the features range 
from 50 nm to 20 pm and can be adjusted by changing the air speed of the moist 
airflow and the polymer concentration in the solution. An example of the surface 
obtained by the breath figure method is shown in Fig. 1.35a. The hexagonal bubble 
arrays formed by evaporation of a dilute solution of carbon disulfide. Another 
example is shown in Fig. 1.35b. Finally, Nishikawa et al., reported that if the polymer 
used is viscoelastic at room temperatures, it can be mechanically deformed and then 
in the stretched film elongated hexagons, rectangles, squares and triangles are found^ "^ .
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Fig. 1.35 (a) Micrograph of the hexagonal bubble array formed by evaporation of dilute solutions 
of bisethylhexyl-PPE in carbon disulfide. Figure taken from Reference 18 (b) Optical micrograph 
of the membrane surface obtained by rapid evaporation of poly(p-phenylene)-block-polystyrene 
in 1,2-dichloroethane. Figure taken from Reference 20 (c) concentric rings obtained after drying 
of carboxyl-containing polyacrylate in toluene. Fig. taken from Reference 39 (d) undulation 
pattern after drying of poly(styrene-block-butadiene-block-styrene) triblock copolymers in 
toluene. Figure taken from Refence 41
Evaporation of solvent in polymeric solutions can also result in less ordered 
structures. Possible structures are a bicontinuous pattern similar to spinodal 
decomposition^^, ribbed, stripe- like corrugations and bubbles^^, structures which look 
like “hetero-shish-kebabs”^^ , parallel lines of colloidal particles^^, concentric rings 
(Fig. 1.35c) polygonal mess pattern'^ ® and undulation patterns (Fig. 1.35d)
Possible application of the surfaces obtained with the breath figures methods include; 
membranes for separation, microreactors, bio interfaces, catalysts, microstructured 
electrode surfaces, photonic band crystals^®, pH sensing, micrometric scale redox
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reactions, optoelectronic applications, bichromie OLEDs^^, beam steering devices, 
microlens arrays, fabrication of picoliter beakers^^. The deformed hexagonal 
pattems^"  ^ can be used for cell culturing. The microsphere patterns obtained with the 
reverse breath figures^^ can possibly be used in applications for drug delivery, 
biodiagnostics, separation, coatings, catalysis carriers and microfabrication. Finally 
the parallel lines of colloidal particles can be used for diffraction^^.
1.4.3.3 Limitations of the technique
One of the limitations of this technique is the use of organic solvents. In addition, the 
patterns are limited in terms of design and complexity. Finally, it is difficult to scale 
up in terms of area and it is not very reproducible in some of the cases.
1.4.4 Photolithography
I.4.4.I Principles of technique
Photolithography^'^’ has been one of the main methods used for patterning of 
polymers on the last thirty years. The first step is to cast a film of a photosensitive 
polymer on a substrate. After that the film is selectively exposed to ultraviolet 
radiation, either with the use of a mask"^ ’^ (Fig. 1.36) or with holographic
techniques'^^. In some of the cases a post-bake step is required'*'^ . Finally, if it is 
needed, solvents or etching are used to remove selected areas of the film.
Irradicttion
/  k i  M  » Substrate
Fig. 1.36 Patterning of polymers by photolithography. Fig taken form 14
Photolithography is a cost effective, high resolution technique, applicable to large 
area surfaces and with a broad range of features. The dimensions of the features range 
from millimetres to sub-100 nanometers.
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1.4.4.2 Examples and applications
Examples of patterns obtained with photolithography are shown in the Fig 1.37
(a) (b)
3 3 3
(c)
Fig. 1.37 (a) Optical images taken with microscope of patterned Dextran- Glycidyl Methacrylate 
hydrogels. Figure taken from Ref. 47 (b) fluorescence microscope image of microstructured 
fluorene based oligomer, numbers represent the width of the stripes in pm. Figure taken from 
Ref. 44 (c) Photopatterning of photocrosslinkable polymers (hydrogel based on poly-(N- 
isopropylacrylamide). Figure taken from Ref. 46
Applications of the photopatterning that have been demonstrated include: low-cost all 
polymer integrated circuits'^ ,^ waveguide devices^®, microactuators'^^, multiplexed 
protein-based bioassays'* ,^ multipattem photomask'^^ and antifouling s u r f a c e s ^ . 
Finally, potential applications of 3D microporous materials obtained by multi-beam 
interference lithography'^  ^include photonics, data storage, chemical sensors nano- and 
micro-fluid networks and tissue engineering.
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1.4.4.3 Limitations of the technique
Photolithography is only applicable in photosensitive materials. Another limitation of 
this technique is that it is not suitable for curved surfaces. In addition, organic 
solvents are used and higher resolution is only achieved at higher cost.
1.4.5 Wrinkling and buckling
I.4.5.1 Principles of technique
Wrinkling^^’ buckling and other mechanical instabihties
are general treated as a nuisance. However, this change with the understanding that 
controlled wrinkling and buckling can result in patterned surfaces with properties 
which can be used in several applications. A description of the mechanism of the 
wrinkhng follows.
Imagine that a thin hard film is coated on a pre-strained elastomeric substrate. Release 
of the strain after depositing the hard film, can lead to the formation of various 
wrinkhng patterns on different length scales when the system arrives in a new 
equilibrium state. This happens due to the mismatch of the equilibrium states of the 
two layers (different elastic moduli). In the case of a simple uniaxial compression the 
resulting surface has a buckling with wavelength X and amplitude A which are given 
by^’ Eq. 1.30 and Eq. 1.31
. 1/
À = I tûi
A = h s
(Eq. 1.30)
(Eq. 1.31)
where E  = E / ( l - v ^ )  is the plane strain modulus, (the subscripts/ and 5 refer to the 
top hard film and the elastomeric substrate, respectively), E  the Young’s modulus, 
y the Poison’s ratio, h is the thickness of the hard film, and s  the compressive strain 
applied to the bilayer. Finally the critical strain (the minimum strain needed for 
wrinkles to appear) is given by^ ® Eq. 1. 32
1 3 / 7^  (Eq. 1.32) 
E f "
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There are several methods to fabricate a surface with wrinkles. The description of 
three of them follows. In the first one, a crosslinked poly(dimethylsiloxane) (PDMS) 
slab is uniaxially deformed and held stretched. While it is stretched, it is oxidised 
(either by exposure to UV-ozone or to oxygen plasma). The oxidation results in a hard 
film with few nanometres thickness on the surface of the slab. When the strains are 
released the surfaces buckles^^ (Fig. 1.38i). In the second method, a metal is coated 
onto a thermally expanded PDMS. When the bilayer is returned to room temperature, 
the thermally shrinkage of the PDMS result in wrinkles on the top layer^ "^  (Fig. 
1.38ii). Finally in the third method, a thin film of an elastoplastic polymer or a 
hydrogel is swollen by a solvent. Only the top of the film can expand (as the bottom is 
confined on the substrate) resulting in a build up of a compressive strain close to the 
film surface. If that strain is greater than the critical values, wrinkles will be formed 
on the surface^^ (Fig. 1.38iii).
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Fig. 1.38 Examples of wrinkling of a bilayer due to (i) oxidation (Figure taken from Ref. 56) (ii) 
thermal expansion (Figure taken from Ref. 54) and (iii) swelling by a solvent (Figure taken from 
Ref. 59)
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1.4.5.2 Examples and applications
In addition to the sinusoidal wavy wrinkling when there is a uniaxial strain, more 
complicated structures can result when biaxial or multiaxial stresses are applied. In 
Fig. 1.39i are examples of wrinkling of PDMS which is oxygen plasma treated and 
after that released from several stress conditions. In addition, random, lamellar, 
peanut and hexagonal patterns (Fig 1.39Ü) can be generated when swelling 
poly(hydroxyethyl methacrylate) (PHEMA) hydrogel films with modulus gradient 
and confined on a flat substrate. The final pattern depends on the concentration of the 
crosslinker (ethylene glycol dimethacrylate, EGDMA), as the modulus is proportional 
to its density.
haw*
(l)
Random Lamellar Peanut Hexagonal
- «>*•«.
wt% EGDMA
Fig. 1.39 (i) SEM images of PDMS under different stretch conditions, (ii) Optical images of 
patterns on the surface of Dl-water swollen PHEMA. The final pattern depends on the 
concentration of EGDMA Images taken from Reference 59.
Applications of this type of patterning that have been demonstrated include; coatings 
for marine antifouling^^ strain-responsive microlens arrays^ ,^ printing of aqueous 
solutions of polyelectrolytes and proteins^^ and as templates for colloidal assembly^^.
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Potential applications of this type of patterning include: stamps for soft lithography, 
micromolding, templating, and surface patteming^^, diffraction grating, stretchable 
electronics, cell adhesion and growth, microcontact printing, maskless lithography, 
tunable adhesion, tunable wetting, and tunable open-channel microfluidics^^.
1.4.5.3 Limitations of the technique
The main limitation of this technique is that in most of the cases the patterns are 
restricted to single, superposed sinusoids and interference patterns. In addition, a 
bilayer with two different mechanical properties is required. Finally, a strainable 
substrate is required in some cases.
1.4.6 Colloidal crystal assisted lithography
1.4.6.I Principles of technique
The fact that colloidal particles assemble in a close- packed monolayer or 3D- 
structures with an hexagonal symmetry when cast on a flat surface has been used to 
pattern polymer surfaces. A description of the steps followed in colloidal crystal 
assisted lithography^^’ ^^llow s (Fig. 1.40i). First, a polymer film is cast on two 
substrates. Next, a 3D colloidal crystal is prepared between two of these substrates. 
Afterwards, these sandwich like chips are heated above the glass transition 
temperature of the polymer under pressure. Later, the colloidal crystals are removed 
by etching with a suitable solvent. Depending on the thickness of the polymer, and the 
size of the nanospheres, the patterns on the surface can be varied including ring- like 
arrays (Fig. 1.40ia), crater like arrays (Fig. 1.40ib), and crock like porous arrays (Fig. 
1.40ic).
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Fig. 1.40 (i) Schematic illustration of the colloidal crystal assisted lithography. Figure taken from 
Ref. 65 (ii) Schematic illustration of the combined colloidal lithography and two step self 
assembly. Figure taken from Ref. 67
Colloidal crystal structures are also used in other cases for patterning of polymer 
surfaces. Xia et al^ ,^ combined colloidal lithography and two step self-assembly (Fig. 
1.40Ü). First, a self assembled monolayer of large colloidal particles is arranged on 
top of a self-ordered film of small spheres. The top monolayer serves as a mask for 
the reactive ion etching of the small spheres’ layer. Finally, the top layer of the large 
particles is removed. Furthermore, in another case, two-dimensional ordered 
polymeric micro spheres have been as used a mask to replicate a PDMS film^*. 
Finally, Trujillo et al, combined the colloidal lithography with initiated vapor 
deposition to fabricate a polymeric nanostructure^^.
1.4.6.2 Examples and applications
Examples of the patterns obtained through colloidal lithography are shown in the Fig. 
1.41. As mentioned in section 1.4.6.1 when a 3D colloidal crystal is pressed between 
two polymeric surfaces (at a temperature higher than the Tg of the polymers), this can 
result, depending on the initial thicknesses, in three different types of surface pattern 
(Fig. 1.41i). In addition, nanoring arrays formed with the same teclmique are shown in 
Fig. 1.4Iii. Also, an example of polystyrene nanoparticles patterned with the Xia 
technique is shown in Fig. 1.41 iii. Finally, more recently a new colloidal lithography 
method has been developed for patterning of nonplanar surfacesFig.  1.41iv.
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Fig. 1.41 (i) 3D AFM images of patterned arrays fabricated with CCAL on substrates coated with 
polystyrene films of different thicknesses (a) 21 nm (b) 44 nm and (c) 165 nm. The insets 
illustrate the formation of the patterns. Fig. taken from Ref. 65. (ii) Phase AFM image of 
polystyrene nanorings arrays. Fig. taken from Ref. 66 (iii) Examples of patterned polystyrene 
spheres using the combined colloidal lithography and two step self assembly. Figure taken from 
Ref. 67 (iv) Example of a patterned nonplanar surface. Silica particles on a 10 pm latex sphere. 
Fig. taken from reference 70
Possible applications of colloidal assisted patterned polymer surfaces include: 
biosensors, micro- and nanodevices and templates for other applications^^, microlens 
arrays with an antireflective subwavelength grating^®, close-packed semispherical 
microlens arrays^^. Finally, the nanorings may be used as building blocks in self 
assembly techniques and magnetic scaffolds for tissue engineering^^.
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1.4.6.3 Limitations of the technique
One of the disadvantages of this technique is that it is sensitive to defects in the 
crystallization of the spherical colloids. In addition, solvents are used in few of the 
steps of the colloidal assisted lithography. Finally, the patterns are limited in terms of 
design and complexity.
1.4.7 Inkjet printing
1.4.7.1 Principles of technique
In Inkjet printing, droplets of a polymer solution are deposited onto a surface. The 
pattern forms after the solvent evaporation (Fig. 1.42). The resolution of the 
pattern is determined by the smallest size of the droplet.
Fig. 1.42 Inkjet printing. Figure taken from Ref. 14
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1.4.7.2 Examples and applications
In Fig. 1.43 there are examples where inkjet printing has been used for polymer 
patterning.
(a) ,(b)
(0)
Fig. 1.43 (a) Arrays of polymer dots formed with inkjet printing hy droplets of 1 wt % solution of 
polystyrene in acetophenone \  (h) Image of an inkjet printed thin film transistor. The inset 
shows a whole image of the device. Figure taken from Ref. 73 (c) Image of an inkjet printed 
capacitor. Image taken from Ref. 74
Inkjet printing has been used to pattern polymer thin film transistors^^’ all polymer 
capacitor^" ,^ anodes in organic light emitting devices (OLED)^^ and OLEDs^ .^
1.4.7.3 Limitations of the technique
The main disadvantage of this technique is that the resolution is determined by the 
size of the droplet (order of 10 pm). Furthermore this technique required a printer. 
Finally, there are limitations on the viscosity or the surface tension of the material 
which is used as ink.
1.4.8 Evaporative lithography
1.4.8.1 Introduction
In the evaporative lithography a mask with regularly ordered holes is placed above a 
drying suspension or dispersion. After the evaporation of the solvent, a patterned film 
with raised features results. The evaporative lithography method was initially
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proposed by Routh and Russel (Section 1.4.8.2). More recently Harris et al. studied 
the evaporative Hthographic patterning of colloidal films (Section 1.4.8.3-1.4.8.5)
1.4.8.2 Preliminary Studies
Evaporative lithography was studied initially by Routh and Russef^ . They developed 
a model to predict the horizontal drying fironts during solvent evaporation fi*om a latex 
film. This model can also be applied for nonuniform drying of the film. In this case it 
is assumed that a cover is placed over an initially uniform dispersion. The cover 
hinders the evaporation in the area below it. According to the model, for the area with 
the evaporation, the height h follows Eq. 1.33 over time t and for the area without a 
cover, it follows Eq. 1.34. For both cases the volume fi-action, (j) , follows Eq. 1.35.
1 4---—+ _
dt dx c « \
dh d (j-i d^h h_ + 
dt ^ y
= 0 Eq. 1.33 
= OEq. 1.34
M  + M ^ = 0Eq. l .35
dt dx
~  —  d^JiWhere u^=h^  is the dimensionless vertically averaged horizontal velocity.
Furthermore, it is important to mention that in this model the horizontal distances, x, 
are expressed in units of L, which is the capillary length and is expressed by
Eq. 1.36
where hi is the initial wet thickness of the film, È  is the evaporation rate, t]q the 
viscosity of the dispersion, and;/ is the surface tension of the dispersion.
In order to examine the model, a latex film with an initially constant height of 0.15 
mm was cast. Above it and at a close distance, in order to hinder evaporation, a cover 
with regularly spaced holes was placed. The resulting film is shown in Fig. 1.44a. It is 
clear from this figure, that there are raised features in the film in the open areas. A 
magnified view of this film is shown in Fig. 1.44b. The centre-to-centre spacing was 
estimated to be around 4L. Under these conditions for thickness and centre-to-centre
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distance, the model prediction is shown in Fig. 1.44c. As shown in Fig. 1.44c the film 
height rises from the centres of the evaporating regions on either side up to the 
transition, and then drops towards the centre of the covered region. Profilometry of a 
similar region on the film is shown in Fig. 1.44d. Comparing Fig. 1.44c and Fig. 
1.44d, it is clear that the model predicts the observed trend.
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Fig. 1.44 (a) Photo of a film with selective evaporation in circular regions; (b) magnified view of 
the same film; (c) predictions of the model under the same conditions and (d) results from 
profilometry experiments. Results taken from Ref. 77
- 64
1.4.8.3 Principles of technique
In the evaporative lithography technique/^ a mask with an hexagonal array of holes is 
placed above a drying colloidal aqueous suspension. A schematic representation of 
the evaporative lithography progress is shown in (Fig. 1.45a,b) where, P is the pitch, 
or centre-to-centre distance of holes, dh is the hole diameter, hg is the initial gap height 
between the mask and the underlying fihn, and hi is the initial thickness of the wet 
film.
(b)   Wg.
(q)
...........
Fig. 1.45 Schematic presentation of (a) the evaporative lithography process (h) side view of the 
film after casting (c) discrete pattern feature from an initial dilute suspension and (d) a 
continuous patterned film from a concentrated suspension. Figure taken from Ref. 78
After casting the film and as the drying proceeds, there is a difference in the 
evaporation rates between the masked and the unmasked regions. The evaporation 
rate is higher in the unmasked areas, and in the masked areas it approaches zero. The 
water flows inward to regions of higher evaporation to replace the fluid loss, as the 
film should be kept flat, due to surface tension. Furthermore, this flow carries also 
particles and hence this results in accumulation of particles below the open regions. 
The accumulation of the particles explains the observed patterns. In addition, it is 
observed that if the initial suspension is dilute, the final patterned film has discrete 
patterned features (Fig. 1.45c). On the other hand if the initial suspension is 
concentrated, a continuous patterned film is prepared (Fig. 1.45d).
In order to determine the minimum feature size, the diffusion time is compared to the 
convection time, through the Peclet number, = w^(?-6f,^)/2Do
(Eq. 1.37), where, is the horizontal particle velocity, is the distance
from the centre of a masked region to a hole edge, and is the Stokes- Einstein
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diffusion coefficient. It is shown that, this can be expressed also as: 
Pe = J A pDqH. (Eq, 1.38), whereas is the evaporative flux of the
fi'eely evaporative film and p  is the fluid density.
On the one hand, when thePe >\ ,  convection dominates and there is pattern 
formation. On the other hand, whenPe <\ ,  diffusion dominates and hence the pattern 
formation is hindered. Consequently, smaller features can be patterned either by 
increasing the evaporation flux, which depends on d, ,^ P , temperature and humidity
or by decreasing the Dq .
Moreover, not only unary colloidal suspensions have been studied in the evaporative 
lithography process, but also binary^ .^ In this case the colloidal suspension has a blend 
of microspheres and nanoparticles. In the initial stages of drying, both the 
microspheres and the nanoparticles are transported to unmasked regions, where the 
evaporation rate is higher. As the drying proceeds, the micro spheres start to 
consolidate in a closed-packed network. This network has small interstitial pores (Fig.
1.46). The nanoparticles are able to migrate through these, at the initial steps of 
drying, with the flow of water and later due to capillary tension at the liquid menisci 
among the particles.
(a) (b)
Fig. 1.46 (a) Interstitial pores formed between closed- packed microspheres and surrounding 
nanoparticles in binary mixtures of high aspect radio (b) Schematic illustration of a magnified 
side view of resulting binary film produced from initial suspension that contains high 
concentration of colloidal microspheres (grey spheres) and a dilute concentiation of 
nanoparticles (green spheres). Figure taken from Ref. 79
Finally, in addition to aqueous colloidal suspensions, also nonaqueous suspensions^^ 
have been studied by evaporative lithography. When a mask with holes is placed
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above that suspension, due to evaporative cooling, the unmasked areas are cooler than 
the masked. This temperature gradient leads to a surface tension gradient and hence to 
recirculating flow cells (Fig. 1.47a). The final pattern on the surface depends on the 
initial volume fraction of the suspension. On the one hand, for volume fractions below 
0.22, the particles concentrate below the unmasked regions due to the circulating flow 
cells (Fig. 1.47b). Consequently, the final pattern of the surface is the negative of the 
drying mask. On the other hand, for higher volume fractions, fluid flows from masked 
to the umnasked regions, particle convection occurs and hence the particles 
accumulate below the holes. This mechanism is analogous to the one that occurs in 
the aqueous suspensions.
(a)
(b)
Fig. 1.47 Schematic presentation (a) of the recirculating flow cells formed in drying nonaqueous 
suspensions below a mask with holes and (b) of the patterns formed for volume fractions up to 
0.22. Figure taken from Ref. 80
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1.4.8.4 Examples
Examples of (i) unary aqueous, (ii) binary aqueous and (iii) unary nonaqueous films 
obtained through evaporative lithography are shown in Fig. 1.48.
(i)
(ii) (iii)
Fig. 1.48 films obtained by evaporative lithography prepared from: (i) unary aqueous colloidal 
suspension of silica microspheres with volume fractions (a) 0.05 (b) 0.1 and (c) 0.3 (optical 
images). Figure taken from Reference 78, (ii) binary aqueous suspension of silica microspheres 
and fluorescent sulphonated polystyrene nanoparticles (fluorescence images) Figure taken from 
Reference 79 (iii) unary suspension of silica microspheres in ethanol, with 0.001 volume fraction 
(optical image). Figure taken from Reference 80
1.4.8.5 Limitations of the technique
When evaporative lithography is used with hard latex particles, film formation will 
not occur. The dried film would be opaque, brittle and full of cracks. Another 
limitation of this technique is that the patterns are limited in terms of design and 
complexity.
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1.5 Overview and objectives of the thesis
As described in Chapter 1, there is a need in the coatings industry for hard and clear 
waterborne coatings without cracking. In addition there is a need for pattemed 
polymeric surfaces with length scales ranging from nanometers to millimetres for 
several applications.
The objective of this thesis is to respond to these needs. Two different approaches for 
solving the cracking problem in latex films are demonstrated. In addition, a new 
technique for patteming of polymeric surfaces is developed.
In Chapter 2, the addition of carbon nanotubes is proposed as a method to increase the 
critical thickness of hard latex films. In Chapter 3, infrared radiation is proposed as a 
method to increase the critical thickness of latex films by heating the latex particles 
while the latex film is still wet, and hence enhancing latex film formation. In addition, 
the use of infrared radiation for sintering of the latex particles in a dried latex fihn is 
demonstrated. In Chapter 4, the development of a new technique is described, called 
Infrared Assisted Evaporative Lithography (IRAEL), which is used for the patteming 
of polymeric surfaces. This technique combines the principles of standard evaporative 
lithography with the infrared assisted latex particle sintering method described in 
Chapter 3. Finally in Chapter 5, there is a summary of the research and proposal for 
possible future work.
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Chapter 2
Critical Cracking Thickness: Effect of Additives
2.1 Introduction
In the coatings industry, there is a need for hard and clear waterborne coatings, but 
these are often subject to cracking. In addition, it is important to increase the critical 
cracking thickness, as this allows thicker films to be cast. The purpose of this part of 
the work is to study the effect of the addition of carbon nanotubes on the critical 
cracking thickness of a high Tg latex. The carbon nanotubes can bridge the latex 
particles and this might lead to higher critical thicknesses.
2.2 Materials and methods
2.2.1 Materials
For the cracking experiments, three different latexes have been used with the same 
composition, but increasing particle size. The latexes are called latex A, latex B and 
latex C, respectively and were obtained ft"om Akzo Nobel Decorative R&D, Slough, 
UK. These acrylate latexes composed of a copolymer of methyl methacrylate, butyl 
acrylate and methacrylic acid (in a weight ratio of 18.3:13.3:1), were prepared by 
semi- continuous emulsion polymerization using an ammonium persulfate initiator 
and an anionic, ethoxylated alcohol surfactant (Rhodafac RK500A, Rhodia). The 
monomers and surfactants were fed over 3 hours at 75 °C. The solids content for all 
the latexes was approximately 52 wt %. In addition, two types of carbon nanotubes 
were used. These are called “short” and “long” nanotubes in the following discussion. 
The “short” multiwalled carbon nanotubes were obtained from Nanocyl (Nanocyl- 
7000), and the “long” from Aldrich Chemical Company. In Table 2.1 the 
characteristics of the NT given by the seller are shown. Finally, poly(vinyl- 
pyrrolidone) (PVP) was used as dispersant for the nanotubes.
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Table 2.1: NT characteristics (from the seller)
“Short”
NT
“Long”
NT
Diameter
(nm)
9.5 6-13
Length
(pm)
1.5 2.5-20
Purity % 90 99.8
2.2.2 Methods
Thermogravimetric Analysis (TGA) Q500 from TA Instruments was used for 
calculation of the PVP:MWNT ratio. Ramp test mode was used. The heating was 
from room temperature to 600 °C, with a heating rate of 10 "C! min. The sample was 
burned in nitrogen atmosphere. Differential Scanning Calorimetry (DSC) QIOOO from 
TA Instruments was used for the calculation of the Tg. Heat-Cool-Heat test mode was 
used. The minimum temperature was -50 ’C and the maximum was 150 ”C, with a 
heating and cooling rate 10 °C/ min. The average particle diameter has been measured 
using photon correlation spectroscopy (PCS, Coulter N4 plus, Beckman- Coulter).
Atomic Force Microscopy (AFM) (NTEGRA, NT-MDT, Moscow) was performed in 
intermittent contact scanning mode with silicon cantilevers (NSGOl, NT-MDT, spring 
constant in the range of 2.5-10 N/m and resonant frequency in the range of 115-190 
kHz) to obtained images of dry latex film surfaces. The samples of the latex were cast 
on polypropylene substrate and were allowed to dry. Then, they were cut in small 
pieces and were placed on AFM sample holders.
Scanning electron microscopy (SEM) (S-4000 Hitachi) was used to study samples of 
latex. The mode used was the secondary electron mode and the electron beam energy 
was in most of the cases 15 kV (except in one, 5 kV). To prepare the samples, low 
solid content dispersions (10%) were cast on the SEM samples holders and were 
allowed to dry. After this step, the samples were coated with a small layer of gold 
(0.5-5 nm thickness) in order to make them conductive. To coat this layer, the 
Emitech K575X turbo sputter coater was used. In addition, optical microscope from
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Vickers instruments was used. Finally, for the profilometry experiments the Dektak 8 
stylus profiler from Veeco was used.
2.2.3 Preparation of PVP/ MWNT water solutions
This description is for the preparation of PVP/ MWNT water solution (Fig. 2.1). For a 
final solution of 0.01 wt % of MWNT and a ratio of PVP/MWNT 4:1, 15 g of DI 
water, 0.015 g of MWNT and 0.06 g of PVP were used.
M W NT+PVP^ MWNT/PVP
Fig. 2.1 MWNT mixed with PVP in DI water in order to de bundle them
DI water was mixed with PVP. Then, the solution was put on a magnetic stirrer (from 
Fisher Scientific), until the PVP was fully diluted in water (Fig. 2.2a). After that, 
nanotubes were added and the solution was tip sonified for 10 min (Fig. 2.2b), at a 
power of 22 W in a continuous mode (Tip sonifrer 150 from Branson). Next, the 
bottle was put in a bath sonifier for 30 minutes (bath sonifier FB 15051 from Fisher 
Scientific, Fig. 2.2c). Later, the dispersion was centrifuged for 40 min at 4400 rpm 
(Centrifuge 5702 from Eppendorf). After centrifugation, around 90 % of the solution 
was collected and the dense sediment on the bottom of the centrifugation bottle was 
thrown away. Finally, with the aid of TGA, the ratio of MWNT to PVP was 
calculated (Fig. 2.3). A similar procedure was followed for the preparation of 
solutions of other dispersants or surfactants with nanotubes in DI water.
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Fig. 2.2 Magnetic stirrer (a), Tip sonifier (b), Bath sonifier (c)
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Fig. 2.3 Typical TGA trace for a dried PVP/ MWNT solution. The mass loss at ~ 400 °C is
attributed to PVP
2.2.4 Experimental procedure for critical thickness
The latex solids content was reduced from 52 to 10 wt %. After that, PVP/MWNT 
was added at various concentrations to the low (10%) solids content dispersions. UV- 
ozone cleaning of the glass substrates (76 mm by 26 mm) was used to increase the 
wetting of the film. For each type of dispersion, films were cast (on a glass substrate) 
with increasing thicknesses in a range from 10 to 18 pm. After casting, the films were 
allowed to dry at room temperature.
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Fig. 2.4 Example of films with cracks
As the latex had a high Tg (compared to the drying temperature), a film with cracks 
resulted (Fig. 2.4). The cracking was observed using an optical microscope. The 
highest thickness of films obtained without cracking was defined as the critical 
thickness. Examples between the two limits (of a cracking and non- cracking area of 
the film) are shown in Fig. 2.5.
(a) (b)
Fig. 2.5 Micrographs of different areas of latex film taken by optical microscope. Area without
cracks (a), Area with cracks (b)
The critical thickness was determined between these two limits. The films were 
scribed to remove a thin strip of the material (Fig. 2.6a), at the critical thickness. Then 
profilometry (Fig. 2.6b) was used to determine the step height. This height was the 
critical thickness of the film. For each sample the critical thickness was measured at 
least at three points on the scribed line. The values presented in the results section are 
the mean values.
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Fig. 2.6 (a) Scribed line in latex film (b) Profilometry of the scribed line, showing the thickness of 
the film
2.3 Results
2.3.1 Microstructure and thermal properties
AFM images for the latexes used in the following experiments are shown in Fig. 2.7. 
As expected, it is clear that there is an increasing particle size from latex A to latex C. 
In all the cases, there is narrow particle size distribution and some cracking. Finally, 
there is no long range ordering in latex A and B, and hexagonal ordering for latex C, 
as confirmed from Fast Fourier Transform (FFT) patterns obtained from the AFM for 
the height images. In the FFT for latex C, there are six points in hexagonal pattern 
which confirms the hexagonal ordering, whereas in the others two are diffused.
-81
height
A: 160 nm
phage
FFT
B: 280 nm C\ 420 nm
Fig. 2.7 AFM images (5jnm x 5 jim) for Latex A, Latex B and Latex C and the relevant height
FFT
In addition, in Table 2.2 the values for the Tg of the latexes measured by DSC are 
shown. Also, the average values of the particle size of the latex measured by PCS at 
Akzo Nobel and the experimental values for the particles sizes measured from the 
AFM studies are shown (measured in Surrey).
Tahle 2.2: Tg and particle sizes of the latexes
Latex Dry Tg 
(T )
Liquid Tg
CC)
Experimental Particle 
Size AFM (nm)
Particle size measured 
by PCS (nm)
A 36.4 41.7 160 160
B 36.2 41.1 280 280
C 37.9 413 420 420
Furthermore, AFM images of the two types of the NT used are shown in Fig. 2.8, and 
in the Table 2.3 properties calculated from AFM images are shown. From Tables 2.1 
and 2.3 it is obvious that the nanotubes are shorter than expected. A possible
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explanation is that the nanotubes break in smaller pieces after the sonication steps 
described in section 2.2.3 for the preparation of PVP/ MWNT solutions.
Height
(a)
Phase
(c)
Fig. 2.8 AFM images from PVP/ NT solution cast on mica substrate. For the short ones; height 
(a) and phase (b) and for the long: height (c) and phase (d). Individual NT can be seen.
Table 2.3: Dimensions from AFM studies
Short Long
Length
(pm)
0.786±0.06 0.708±0.07
L/R 3.74 3.37
L/R is the ratio of the length of nanotube over the radius of the latex particle, as is 
discussed later in section 2.3.3.
2.3.2 Critical thickness dependence on the particle size
In an initial experiment, the effect of the particles size on the critical thickness was 
studied. In Fig. 2.9 the critical thickness as a function of the particle size is plotted for 
latex A, latex B and latex C.
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Fig. 2.9 Critical thickness as a function of the particle size
As seen in Fig. 2.9 bigger particle size leads to higher critical thickness. This is in 
agreement with the prediction of the Singh and Tirumkudulu (S-T) model (described 
in section 1.2.3) for the critical thickness of hard latexes. As there is the restriction of 
the data points (only three) we cannot check if these data points fit with the equation 
of S-T.
2.3.3 Effect of carbon nanotubes on the critical thickness
Three different systems were studied; Latex C with PVP, Latex C with PVP/ short 
MWNT and Latex C with PVP/ long MWNT
L=4R
O '
L=10R
Fig. 2.10 Different L/R ratios and the effect of it on the number of latex particles that can be 
bridged
There were a few ideas developed in the decision of the experiments. The possible 
effect of different length of NT in the critical thickness was studied as different length 
of NT means different L/R ration as shown in the Fig. 2.10. The higher the L/R ratio
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is, it was predicted that the more latex particles a NT can bridge. Furthermore, the 
more latex particles a NT can bridge, the more stable the structure of the latex 
particles will be and hence the final film might have less cracking.
Also the effect of using only PVP was studied as a control experiment. After the 
experiment, as showed later, it was found that there was also an effect of the PVP on 
the critical thickness. The results follow in Fig. 2.11.
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Fig. 2.11 Critical Thickness as a function of the concentration for latex films with PVP (red), 
short (green) and long (black) nanotubes
Before analysing the results, it is important to mention, that for the case of the PVP, 
the concentrations presented on the graph are not the weight of PVP over the polymer 
weight, but the samples have the same amount of PVP used to disperse the nanotubes 
with the given concentration. For example, the 0.05 wt % for the case of the Latex 
with PVP means that this fihn has the same amount of PVP with the Latex C- 0.05 wt 
% NT, and not 0.05 wt % PVP over the polymer weight in the dried film. The data are 
plotted this way in order to explore also the effect of PVP.
As shown in Fig. 2.11 the addition of PVP results in higher hmax- Furthermore, the 
addition of PVP/ NT also results in higher hmax- It seems that the addition of PVP only 
results in higher critical thickness than for the NT dispersed in PVP.
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Moreover, there is a cleaner trend in PVP/ Short NT. In addition, the results are 
reproducible for pure latex with a range of 12.5- 13.5 pm. Finally, there is around a 30 
% increase in the critical thickness with the addition of 0.1 % wt NT (short nt).
Although it is expected the “long” nanotubes to result in higher critical thicknesses, 
the “short” ones gives a higher value. This has to do possibly, as shown in the 
materials section of this chapter, with the breakmg of the nanotubes during the 
nanotubes- dispersant solution preparation. At this point, it is important to mention 
that a lower concentration of NT is favourable in order to keep the films clear (to 
avoid becoming dark with the addition of high amount of NT).
2.3.4 Use of microscopy to explain the results
Samples for pure latex C, latex C with PVP and latex C with PVP/ NT have been 
studied with Scanning Electron Microscopy in order to explain the above results. 
Examples of the SEM micrographs follow (Fig. 2.12-2.14).
■f
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Fig. 2.12 SEM image of pure latex film. Particles are packed in a dense FCC (left) and SC (right) 
packing.
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Fig. 2.13 SEM image of latex film with PVP. The addition of PVP resulted in a random latex 
particle packing
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Fig. 2.14 SEM image of Latex film with 0.5 wt % Long NT (PVP). Bridging of latex particles by 
NT can be seen
In the micrographs in fig. 2.12-2.14 we can observe the following. The particles in the 
pure latex are packed in a dense FCC/ SC packing. The addition of PVP resulted in a 
random packing of latex particles.
For the case of the MWNT/ PVP, some particle necking and particle deformation can 
be observed. The particles in this case are less spherical than the other two cases. A 
possible explanation for that is that as the NTs make the sample more conductive, the 
flow of the electrons increases the temperature of the sample (higher heat 
conductivity) and hence this results in the melting of the particles. Single nanotubes 
can be observed, which means that there is a good dispersion of nanotubes. Finally, 
bridging of latex particles by the nanotubes can be observed.
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From these images, we can conclude that the particle packing is denser in pure Latex 
C than with PVP and P VP/NT added. With a lower (p^ p (with the addition of PVP and 
PVP/ NT) according to the S-T model (section 1.2.3), the critical thickness should be 
lower. This effect can be observed at low concentrations of PVP and PVP/ MWNT.
At higher concentrations, there is the effect of NT. The bridging of latex particles 
from the nanotubes can explain the observed improvement in the critical thickness 
with the addition of NT. The increase in the critical thickness with the addition of 
only the PVP cannot be explained yet.
2.4 Conclusions
In summary, the cracking of a hard latex film has been studied. Bigger latex particles 
lead to higher critical thicknesses. Furthermore, the addition of pure PVP and 
MWNT/ PVP dispersion in latex resulted to higher critical thicknesses (up to 30 % 
higher).
Chapter 3
A new method for making hard, no-VOC waterborne 
Coatings
3.1 Introduction: Latex film formation dilemma
There is continued interest in the creation of coatings from latex dispersions. A key 
attraction of latex is that its film formation can occur without the emission of volatile 
organic compounds (VOCs) into the environment. Despite this benefit, the so-called 
“film formation dilemma” limits the wide use of latex in hard, scratch-resistant 
coatings^’ Specifically, a choice must be made between two problematic options for 
thermoplastic latex films for coatings applications: The glass transition temperature 
(^g) of the polymer must be either greater than or less than the usage temperature, 3T, 
which is often near room temperature.
When Tg > Tu, the polymer is in its glassy state in use and will make a hard coating, 
but latex particle deformation and coalescence is not possible at Tu. A cracked and 
brittle film will result.^’ (Fig. 3.1a) To obtain a coalesced, crack-free film the 
processing temperature for film formation, 7% must be greater than Tg (which usually 
equals the minimum film formation temperature, MFFT)^’ .^ One approach to achieve 
film formation is to reduce the polymer’s Tg below %  through the addition of a 
volatile plasticizer or coalescing aid^' After film formation, the plasticizer
evaporates, and Tg is raised above Tu, so that the polymer is vitrified and the film 
hardens. An obvious drawback here is that the formulation is no longer free of VOCs, 
as plasticisers are under scrutiny for environmental and health reasons^. (Note that the 
water within a latex can plasticize the polymer^^, such that the dry polymer Tg is 
greater than both the MFFT and the Tg in the wet state.) Another approach is to place 
the film in a convection oven  ^ so that Th is greater than Tg during the critical drying 
period. However, this processing method uses a higher level of energy, in comparison 
to natural drying.
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High Tg polym er (Tg >RT) Low Tg polym er (Tg >RT)
(a) (b)
Fig. 3.1 Differences between a high and low Tg latex dried film, (a) The high Tg film is opaque, 
hard and full of cracks, whereas (b) the low Tg is soft, transparent with no cracks
When Tg < Tu, the polymer is in its rubbery state, and the film is said to be soft. When 
Tff > Tg, particle deformation and coalescence will proceed to yield a continuous film 
(Fig. 3.1b). In thermosetting latex films, crosslinking can be used to raise the 
polymer’s hardness^\ but thermoplastic materials will remain in the soft state when Tu 
> Tg and hence will not be suitable as a protective coating. Composites of hard and 
soft polymers -  created with particle blends,^’ core-shell particles^" ’^ or 
heterogeneous p a r t i c l e s -  also offer a means to enable film formation while also 
achieving film hardness. The past approaches to the film formation of hard latex 
coatings, along with their limitations, are listed in Table 3.1.
The dilemma is choosing between a “hard” latex in which film formation is 
problematic and a “soft” latex in which film formation is effective but the mechanical 
properties are less desirable. There is a choice between a soft coating that is VOC-ftee 
or a hard coating that emits VOCs. We propose a new method to resolve the film 
formation dilemma. The use of infi’ared radiation is proposed to heat the latex films 
above the polymer’s Tg and hence, to aid film formation. This technique is expected 
to result in a hard, crack- free, smooth latex film, does not require the use of 
plasticizers, and it has low energy consumption (compared to normal convection 
ovens).
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Table 3.1 Ways to Achieve the Film Formation of a Hard Latex Film
Action Effect Drawback
Add a plasticiser^'^ Reduces Tg and MFFT Can introduce VOCs
Place in an oven^ Raises % >  Tg (and MFFT) Increased energy use
Modify polymer"^ '^ "^ '
17
Reduces Tg and MFFT Reduced hardness
Use a crosslinker^^ Raises Tg > Tu after film 
formation
Requires chemical 
functionality
NIR heating Raises T^> Tg (and MFFT) Energy use -  but less than in 
oven
3.2 Materials and Methods
3.2.1 Materials
The latex used in all the following experiments is Latex C (as described in Chapter 2 
section 2.2.1). In some experiments, poly (3,4- ethylene dioxythiophene)/ poly 
(styrene sulfonate) (PEDOT/ PSS, Sigma-Aldrich), which is strongly absorbing in 
near-IR (NIR) (Appendix Al), was added at a concentration of 1 wt % of the latex 
polymer mass.
3.2.2 Methods
For the sintering of the latex a 250 W NIR lamp (model 470 IR, Interhatch) has been 
used. The lamp’s peak emission is in the NIR range between 1.0 and 1.3 pm (section 
3.3.1). The emission of the lamp was taken by an Optical Spectrum Analyser (OSA) 
by placing the lamp close to the OSA and sending the light directly to the sensor. The 
transmission spectra were taken by the UV-VIS-NIR Cary 5000 Spectrophotometer 
(Varian).
In addition, a convection oven (model M0V-112F, Sanyo) has been used in the 
sintering experiments. In sintering experiments, film temperatures were measured 
with a noncontact thermometer (Fisher Scientific). AFM is used as described in 
Chapter 2, section 2.2.2. The same type of cantilevers has been used, but here the 
spring constant was in the range of 1-15 N/m and the resonant frequency in the range 
of 87-230 kHz. The transparency of thin latex films at 1=550 nm was measured using
-91-
an M350 Double beam UV-VIS Spectrophotometer (Camspec). The thickness of the 
dried latex films was measured by stylus profilometry (Dektak 8, Veeco).
3.2.3 Sample preparation
For section 3.3.2, wet films were cast on glass substrates (5.5 cm x 2.5 cm) with 
varied initial wet thicknesses and solids contents and then exposed directly to the NIR 
radiation from the lamp or placed in the convection oven.
In the sintering experiments (section 3.3.3), the latex (pure or with PEDOT/ PSS) was 
diluted to 10 wt % solids content. Then, 0.23 g of the diluted dispersion was cast on 
glass (5.5 cm X 2.5 cm) to create 20-pm thick films. After that the dried latex films 
were cut in smaller pieces and glued on an AFM sample mounting disk. Later, these 
samples were placed 21.5 cm beneath the IR lamp (Fig. 3.2). Preliminary 
experiments^^ found that that the temperature of the latex films after 30 s varied 
approximately as the inverse square of the distance from the lamp, but this distance 
was not used as a variable in the present study. Identical samples were placed in the 
convection oven with a set point at 60 “C for comparison. Finally, the samples have 
been studied with AFM as described in Section 3.2.4.
Fig. 3.2 Experimental setting for the sintering of latex samples prepared for the AFM studies
In the studies of the transparency of thin latex films (section 3.3.4), the latex (pure or 
with PEDOT/ PSS) again is diluted to 10 wt % and cast on glass substrate to create 20 
pm thick films. After the drying of the films in room temperature, they were either 
exposed to the IR radiation (again 21.5 cm beneath the IR lamp. Fig. 3.3) or placed in
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an oven with the set point at 60 °C for the desired heating time. Finally, the 
transparency of the films was measured.
Fig. 3.3 Experimental setting for the study of the transparency of thin films
3.2.4 AFM studies
Atomic force microscopy was used to obtain images of dry latex film surfaces. For 
each sample, four separate 5 pm x 5 pm areas were scanned. The peak-to-valley 
height (Fig. 3.4), h, was measured from randomly chosen, neighbouring particles from 
each area to obtain approximately 30 measurements is total. The mean value was 
found for the as-cast film surface, ho, and after that heating continuously under the 
lamp or in the oven for a time t. The error reported is the standard error iu the mean.
Height
(a)
.aterai distance
(b)
Fig. 3.4 Example of AFM image (a) and the relevant peak-to-valley height (b)
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3.3 Results
3.3.1 Lamp emission and optical absorption of pure latex and latex 
with PEDOT/ PSS
Before showing some basic experiments with the IR radiation and the main results 
connected to latex film formation, the properties of the IR lamp used to radiate the 
samples along with some useful spectra of our materials will first be presented. The 
250 Watt reflector heat IR lamp has a peak emission wavelength of 1200 nm 
(Fig.3.5). This wavelength corresponds to a temperature of 2400 K according to Eq.
1.26. The emission of the lamp was taken in an Optical Spectrum Analyser (OSA) by 
placing the lamp close to the OSA and sendiug the light directly to the sensor.
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Fig. 3.5 Emission spectrum (arbitrary units) of the NIR lamp used in the experiments.
In order to obtain the graph for the absorption coefficient as a function of the 
wavelength the following procedure has been followed (work done by P. Bryant).
It is known that the absorption coefficient is given from the Beer-Lambert law 
(Section 1.3.3, Ch.l ) by:
f  j  ^
7i = I q Qxp(-jL£!c) => hi — = /n: (Eq. 3.1)
The ratio of the intensity of the reference beam, lo, to the intensity of the beam 
transmitted through the sample, was measured with the use of UV-VIS-NIR Cary 
5000 Spectrophotometer for five samples with different thicknesses for pure latex and
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latex with PEDOT/ PSS. These samples had increasing thicknesses ranging for the 
pure latex from 0.15 mm to 0.40 mm and for the latex with PEDOT-PSS from 0.08 
mm to 0.44 mm. After that, for each wavelength separately, the natural logarithm of 
the intensity ratios were plotted as a function of the average thicknesses of the 
samples. It is clear from Eq. 3.1 that the slope of this graph would be equal to the 
absorption coefficient at this wavelength. In Fig. 3.6, the absorption coefficient is 
plotted as a function of the wavelength for the pure acrylic latex and latex with 1 wt 
% PEDOT/PSS. Furthermore, it is clear from Fig. 3.6 that the PEDOT/ PSS is highly 
absorbing in the range of the wavelengths the IR lamp emits. Finally, the water also 
absorbs in the range of the wavelengths the IR lamp emits and that results in fijrther 
heating of the wet latex film.
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Fig. 3.6 Spectra of optical absorption coefficients of the acrylic latex in the near-IR region for an 
acrylic latex before and after the addition of 1 wt % PEDOT/PSS
3.3.2 Processing of wet latex films
We start by comparing films made from wet latex after processing by two methods. 
After film formation in the convection oven at 60 °C, the film surface was irregular, 
with remnants of cracks, and the film wan not fully transparent because of surface 
roughness and wrinkling. In contrast, a film heated under NIR is smoother and 
transparent (Fig. 3.7). A likely explanation is that the particles were softened in the 
aqueous phase under NIR radiation such that their deformation reduced capillary
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stresses^® and prevent cracking^’ This concept will be expanded in section 3.3.3. 
With 1 wt % PEDOT/ PSS, the film quality is also good, but there is a bluish tint. In 
addition, preliminary studies shown that the addition of PEDOT/ PSS, and in general 
the addition of IR absorbing materials, resulted in higher evaporation rates and hence 
faster film formation (Appendix A).
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Fig. 3.7 Photographs of 20 pm thick films formed from the acrylate latex under various 
conditions: (a) NIR radiation; (b) in a convection oven at 60 ®C; (c) with 1 wt.% PEDOT:PSS 
under NIR radiation. Films were placed over printed paper to provide a qualitative indication of 
transparency
Because of the relatively high Tg of the polymer, the films are hard at room 
temperature. The NIR- irradiated acrylate fihns had a pencil hardness (according to 
ISO 15184) of 8-9 H, which means that they resist scratching by the hardest material 
in the scale.
3.3.3 Study of the latex films sintering with the aid of AFM
As discussed in Ch. 1 Section 1.1, during latex film formation, spherical particles at a 
film surface will flatten because surface energy provides a driving force to reduce 
surface tension. In addition, it is demonstrated that AFM provides an excellent means 
to measure the rate at which particles flatten in a dry sintering. The sintering of dry 
latex film studied for pure latex under NIR, latex with 1 wt % PEDOT/ PSS under 
NIR and also for comparison reasons in oven at 60 °C. In the oven at 60 °C, it takes 
approximately 10 min. for a dried 20 pm acrylic film to reach a temperature of 48 °C 
(i.e., 10 °C above Tg). By comparison, the latex with 1 wt % PEDOT/ PSS under NIR
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radiation reaches this temperature within approximately 2 min. and reaches 75 °C 
within 5 min. This result is explained by the fact that with conductive heating in an 
oven, heat diffuses from the film surface, which defines the time dependence of 
temperature. However, in a radiative heating process, energy is deposited directly in 
the film (varying with depth according to the Lambert- Beer law^ )^.
Figure 3.8 shows a series of AFM topographic images obtained from latex films. 
Initially, the particles are spherical and inter-particle voids are seen between them. 
After just 4 min. of NIR radiation, the voids have decreased in size and the particles 
have flattened. After 30 min., the particle identity is less clear. A similar development 
is found for the latex containing PEDOT/ PSS, but the effects are more pronounced 
(Fig. 3.9); in the oven at 60 °C, less particle flattening is found (Fig. 3.10).
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Fig. 3.8 (a) AFM height images of an acrylate latex film after deposition at room temperature (b) 
after 4 min. of irradiation by NIR lamp, and (c) after 30 min. Images are 5 pm x 5 pm; the 
vertical scales are shown for each image.
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(a) (b)
Fig. 3.9 AFM height images of an aciylate latex film with 1 wt % PEDOT/ PSS after (a) 4 min. of 
irradiation hy NIR lamp, and (b) after 30 min. Images are 5 pm x 5 pm; the vertical scales are 
shown for each image.
2.0 3.0 4.0 5.0jjm
(a) (b)
Fig. 3.10 AFM height images of an acrylate latex film after heating in the oven at 60 °C for (a) 4 
min. and (b) 30 min. Images are 5 pm x 5 pm; the vertical scales are shown for each image.
AFM topographical profiles were obtained for the standard acrylic latex in the as-cast 
state and after NIR radiation; examples are shown in Fig. 3.11.
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Fig. 3.11 (a) Topographical profiles corresponding to selected particles in AFM height images of 
an acrylic latex film after deposition at room temperature (—), after 4 min. of irradiation by NIR 
lamp (•••) and after 30 min (-•-) (b) Topographical profiles corresponding to selected particles in 
AFM height images of an acrylic latex film with 1 wt % PEDOT/ PSS after deposition at room 
temperature (—), after 4 min. of irradiation by NIR lamp (•••) and after 30 min (-•-).
Values of h(t) are obtained from such profiles to enable a quantitative analysis of 
particle flattening. Measurements of the h(t) from a series of NIR radiation 
experiments are summarised in Fig. 3.12. Data obtained in the 60 °C oven are shown 
for comparison.
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Fig. 3.12 Dependence of the peak-to-valley height, h, on the time of continuous exposure to NIR 
radiation for the acrylic latex (•), acrylic latex with 1 wt % PEDOT/ PSS (o) and time in an oven 
at 60 C (■). The solid lines are the best fits to the data using Eq. 3.3 with y=0.041 J/ m^ . Error 
bars are shown but most span the size of the symbols
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During the first 10 min. for samples in the oven, there was no significant decrease in 
t h e #  (Fig. 3.13).
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Fig. 3.13 Peak-to-valley heights obtained over time for 20 pm latex films heated in oven at 60 °C.
This result is explained by the slow rate at which films are heated in the oven. 
Particle deformation on realistic time scales does not occur until a temperature at least 
10 °C above Tg Therefore, at shorter times, the temperature was not above the 
polymer Tg, and hence there was no significant sintering. Consequently, the data from 
the oven samples in Fig. 3.12 have been shifted so that 10 min. corresponds to f = 0.
As described in Ch. 1, Section 1.1.7 Perez and Lang^ "^  derived an equation to describe 
how the particle peak-to-valley height, h, varies as a function of time:
At a constant temperature, 77, will not vary over time for a thermoplastic, so that:
3 ^  = tV  + ^  (Eq3.3)
h (^f) h : a-'ij
The predictions of Eq. 3.3 are compared to the experimental data in Fig. 3.12. In this 
analysis, y was taken to be 0.041 J/m^ (as reported for an acrylate^^), and rj was 
varied to obtain the best fit to the data (neglecting the temperature variation). In the 
60 °C oven, 77 was found to be 7.1x10^ Pa s, whereas it was 2.7x10^ Pa s for the 
PEDOT/PSS latex under NIR radiation.
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The temperature-dependence of the polymer viscosity can be described by the Vogel- 
Fulcher equation:
77 = exp
T - T , j
(Eq.3.4)
where B and the pre-factor 77  ^ are constants for a material. To is typically 50 K less 
than and hence is taken to be 261 K here. Noting that the average temperature of 
the PEDOT/PSS film under NIR radiation was ca. 390 K, and using the fitted 
viscosity values, we estimate the Vogel-Fulcher parameters to be B = 773 K and 77^  = 
600 Pa s. The best-fit viscosity for the acrylate latex under IR radiation is 1.4x10^ 
Pa s, which corresponds to an average temperature of ca. 360 K. This is a reasonable 
value, according to independent measurements, and it gives some credibility to the 
assumptions behind our analysis.
It is reasonable to expect that during the film formation of a wet latex, the viscosity of 
the polymer particles will be lower when under IR radiation than when in a 60 °C 
oven. According to film formation models^  ^ a lower viscosity will favor the 
deformation of particles while in the wet state {i.e. wet sintering). Moreover, for a 
wet film of thickness, TT, the value of the capillary pressure that is necessary for 
cracking, is predicted^^ to be:
^ . 2 . 0 6 r ^ r \ ^ ( E q , 3 . 5 )= 2.06 , 
y I  y J
where G is an effective shear modulus for the packed particles with Hertzian 
contacts, and r  is a relaxation time that is proportional to rj. Russel et have 
explained that decreasing the polymer viscosity will suppress cracking in a latex film 
by increasing the 7?%^^ r^equired to recover sufficient elastic energy when the crack is
propagating. In the 60 °C oven, the polymer’s viscosity is lower, especially during 
the heating up period. Hence, the films crack during film formation. These cracks 
subsequently heal by viscous flow of the dry polymer, but surface roughness and 
irregularities are remnants. The lower rj obtained under NIR avoids cracking during 
film formation.
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3.3.4 Study of the transparency of thin latex films
Visual observation of the samples studied in the previous section showed that the 
films become more transparent, when exposed under IR or heated in the oven. To 
study this effect, the transparency of thin latex films was measured at 1=550 nm.
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Fig. 3.14 % Transparency as a function of heating time for pure latex under IR radiation (red 
circles), the pure latex heated in an oven at 60°C (black squares) and latex with 1 wt % 
PEDOT/PSS under IR (green triangles).
In Fig. 3.14, the transparency of thin latex films is plotted as a function of heating 
time. Specifically, the transparency for pure latex under IR radiation (red circles), 
pure latex heated in the oven at 60°C (black squares) and latex with 1 wt % PEDOT 
under IR (green triangles) are shown.
It is clear from Fig. 3.14 that in all the cases the films become more transparent as 
they are exposed under IR or heated in the oven. As presented in section 3.3.3, when 
the temperature of latex films increased the particles flatten and coalesce. As this 
happens the voids between the particles become smaller and hence the film becomes 
more transparent. This is in an agreement with the studies of Tent and Nijenhuis^^, 
who found that the when a latex film dries above its MFT, it becomes transparent. 
The reason is that the interstices between the particles disappear or became very small 
and hence hardly scatter any light in the visible spectrum range.
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Furthermore, as more heat is transferred in the samples with the IR absorbing 
materials compared to the pure material for the same exposure time, the particles 
coalesce faster, and hence the films become more transparent at a given time. For 
example, it takes around 6  min. for the pure latex film to become 50 % transparent, 
whereas when PEDOT/ PSS is added the film become 50 % transparent after 2 min. 
of IR radiation.
In addition, for the samples with PEDOT/PSS it seems that there is a plateau in 
transparency at around 70 %. This happens as PEDOT/PSS give a bluish or greyish 
tint to the film, and hence affect its transparency. Moreover, it is expected that if the 
pure latex will be exposed to IR for longer times than the ones studied in this 
experiment, they will reach values for transparency higher than 70 %. Finally, the 
samples heated in the oven are more transparent than those of pure latex under IR, but 
less transparent than those PEDOT/PSS. This result possibly is connected again to the 
amount of the heat transferred to the film and affects the transparency as explained 
above.
3.4 Conclusions
In summary, a new processing method has been reported to resolve the film-formation 
dilemma. NIR radiation has been employed to achieve the film formation of a high-Tg 
latex to make a crack-free, hard coating^^’ IR-assisted latex film formation offers 
key advantages. NIR radiation heats the polymer phase directly, along with the water, 
softening the particles and reducing capillary stresses and ultimately leading to good 
film quality. The rate of particle sintering is significantly greater than in an oven at 60 
°C. No plasticizers are required, and no-VOCs are released in the process.
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Chapter 4
Infrared Assisted Evaporative Lithography (IRAEL)
4.1 Introduction
As discussed in Chapter 1, for a variety of applications there is need for patterned 
surfaces. In response to this need, many techniques have been developed and 
patterned surfaces with a variety of properties have been demonstrated. However, 
each of these techniques has their own limitations. This fact motivates us to develop a 
new technique called Infrared Assisted Evaporative Lithography (IREAL), which is 
used for the patterning of polymeric surfaces. This technique combines the principles 
of the standard Evaporative Lithography with the infrared assisted latex particle 
sintering described in Chapter 3.
4.2 Experimental Procedure
4.2.1 Materials
An apparatus (Fig. 4.1a) was designed to control the height, h^, which is the initial
gap height between the mask and the underlying film (Fig.4.1b). The latex film-after 
casting on the desired substrate-was placed on a PTFE platform under the mask. The 
hg could be varied by turning a bolt, and accurately adjusted with the caliper. Several
aluminium masks with holes have been used. In most of the experiments, the masks 
had circular holes with diameter dj^  and centre-to-centre distance or pitch, P (Fig.
4.1c). The holes were in a square array. In these masks the ratio of is kept 
constant and equal to 1.5. In addition the fraction of the open areas over the total area
=éh
open ^of the mask is kept constant at f  = = 0.35,
hotal
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Fig. 4.1 (a) Apparatus has been developed to control the hg(the sample is between the mask and 
PTFE platform) (b) schematic diagram to show hg and h; (c) schematic view of the mask
The IR lamp used here is the same as described in Chapter 3, section 3.2.2. The latex 
used in these experiments is the same as described in Chapter 2, section 2.2.1. 
Moreover, the surface tension of the latex has been measured using the Wilhelmy 
plate method. In addition, the substrate’s temperature increase in Section 4.4.3.6  was 
measured with a noncontact thermometer (Fisher Scientific).
4.2.2 Lithographic Method
A wet latex film with initial thickness /z, was cast on a substrate with the aid of a 
plastic pipette. The h. was controlled by the mass, m , of the wet latex (weighed on
man electronic balance) and is given by /z, =  (Eq. 4.1), whereas is the area of the
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substrate on which the film is cast and p  = \g la iP  is the density of the wet latex 
(assuming that it is equal to the water’s). The substrate is placed in the apparatus we 
developed to control the A . Later, a mask with holes is placed on the metallic mask
holder above the substrate.
After the casting of the latex and the placement of the mask above the wet film, the 
film is irradiated by the IR lamp (Fig. 4.2a, 4.3). The use of the mask results in the 
selective exposure of the wet film to infrared radiation. The unmasked areas reach 
higher temperatures, due to the infrared heating, than the masked areas. Consequently, 
the evaporative flux is higher in the unmasked areas. In addition, in these areas the 
evaporation is also enlianced by the open holes. The water flows inward to regions of 
higher evaporation to replace the fluid loss, as the film surface remains flat, due to the 
surface tension. Furthermore, this flow also carries particles and hence this results in 
the accumulation of particles below the open regions, and hence the pattern formation 
(Fig. 4.2b).
O 0  0  0  0 0 0 0  
O O 0 000 0
IR lamp
Mask
Latex film
(a) (b )
Fig. 4.2 (a) Schematic view of the Infrared Assisted Evaporative Lithography setup, 
(b) Schematic view of a raised feature on the patterned film below a hole in the mask.
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The mask is placed in most of the experiments at a distance of 16.5 cm below the IR 
lamp. The radiation time under the IR lamp is in the range from 15 min. to 50 min. 
depending on the initial thickness of the film (a longer radiation is required for thicker 
films). Later, when the latex film is dried, the sample is removed from the apparatus 
and is studied using a 3-D profiler.
Fig. 4.3 Experimental settings for the IRAEL
4.2.3 Coating Characterisation
A 3-D profiler was used to measure the film topography (Dektak 8  stylus profiler, 
Veeco). Information about the topography of the surface could be gained from these 
studies, including 3-D mapping and measurements of the peak-to-valley height of the 
raised features observed in the final dried polymer film. A summary of the 3-D 
mapping parameters is shown in Table 4.1. To measure the peak-to-valley height of 
each sample three 2-D profiles of the surfaces taken by Dektak 8 . The peak-to-valley 
height was measured from neighboring raised features from each 2-D profile to obtain 
a minimum of 9 measurements. The peak-to-valley values reported in section 4.4 are 
the mean values of these measurements. The error reported is the standard error in the 
mean.
n o
Table 4.1: 3-D mapping parameters
Parameter Range
Stylus force 100-150 jiN
Vertical range 1 mm
Scanning area I cm X 1cm - 3 cm X 3 cm
X resolution 4.4-5 iim/ sample
Y resolution 6 6 -  1 0 0  pm/ scan
4.3 Simple Geometrical Model
In order to predict and explain the observed trends a simple geometrical model has 
been developed. The main assumption of the model is that the whole volume of the 
polymer of the latex is used to form the raised features in films patterned with IRAEL 
(Fig. 4.4). In addition, it is assumed that the shape of the raised feature is that of a 
spherical cap, with a diameter equal to the pitch of the mask.
Fig. 4.4 Schematic view of the assumption that the whole volume of the polymer is used for the 
formation of the raised features
The volume of the polymer is equal toF^ = h^ A<j) (Eq.4.2), where ^ is the volume
fraction of the polymer in the latex. According to the model, the final film will be an 
array of spherical caps (sc). The volume of the array is P} = , where N  is the
number of the spherical caps and is the volume of one spherical cap. N  is equal to 
the number of the holes on the mask used for the patterning and is equal
toN  = (Eq. 4.3), whereas = Tii—  (Eq. 4.4) is the area of the hole (The
\oie V 2  y
area of the mask is assumed to be equal to the area of the substrate, A). In general for
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a spherical cap the volume is given by F = + /z^) (Eq. 4.5) (Fig. 4.5) whereas
a  is the radius of the base of the cap, and h the height of the cap. For our model, it is
Passumed that the radius of the base is equal to one half of the pitch or = y  and that 
the height is the final peak-to-valley height { h A o i the raised feature. Consequently,
the volume of the spherical cap is = s F  . h i (Eq. 4.6).
Fig. 4.5 Diagram showing the parameters used for the estimation of the volume of a spherical 
cap. Figure taken from Ref. ^
Moreover, from the main assumption of the model we have F  ^ = F^, which from Eq. 
4.2-4.Ô becomes
h^A^ = NV^q =
n
fopen (Eq.4.7)
Furthermore, from Eq. 4.7, we can make predictions of the under specific 
conditions. Particular predictions are hsted below.
a) If hi and (j) are kept constant and P (and hence d^) is varied, a prediction of hj- as a 
function o f f  can be obtained.
b) 1Î hi, P and dj^  are kept constant and ^ is varied, a prediction of hj- as a function 
of{^  can be obtained.
c) If (^,P  and dfj are kept constant and hi is varied, a prediction of hj- as a function of 
h  can be obtained.
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Finally, for our model the maximum possible height for the spherical cap is equal to 
the radius of the sphere, r (or in other words when the spherical cap is a hemisphere).
4.4 Results
4.4.1 Example of patterned latex film
An example of a patterned latex film obtained through the IRAEL is shown in Fig. 
4.6a. A mask with df^=\ mm and P= 1.5 mm was used. The initial wet thickness was
A; =0.33 mm and =0.7 mm. The solids content was 52 wt %. A 3-D mapping of the
same sample obtained by the Dektak Profiler is shown in Fig. 4.6b. It is clear from 
Fig. 4.6b that there is quite good ordering of the raised features. However, there are 
some line defects which locally dislocate a few of the features. In addition, the 
features which are located closer to the edge of the film have smaller peak-to-valley 
heights than those in the middle. (Usually those on the edge has been ignored from the 
estimation of the mean peak-to-valley height). In addition a 2-D profile is shown in 
Fig. 4.6c. From the 2-D profile we have that the full width at half maximum (FWHM) 
of the raised features for this film is approximately 1 mm and the peak-to-valley 
height is approximately 40 pm.
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Fig. 4.6 (a) Photograph of the patterned polymer film (1.5 cm x 1.5 cm) , (b) 3-D mapping (1.5 
cm X 1.5 cm) and (c) 2-d profile of a patterned film obtained through IREAL
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4.4.2 Experiments to understand the process
4.4.2.1 Experimental parameters
A preliminary experiment has been designed in order to understand the IRAEL 
process and to determine the mechanisms for the formation of the raised features on 
the patterned polymeric surfaces. For these experiments, a soft latex has to be used, as 
a hard latex will not fihn-form at room temperature and hence it is not ideal to be used 
for the standard evaporative lithography. In all the cases a wet latex film was cast on a 
glass substrate and above it a mask with holes was placed at a distance, . For this
experiment the initial wet thickness and the gap height were kept constant and equal 
to /2.=0.65 mm and hg=\.l mm. Two different systems were studied. The parameters
are summarised in Table 4.2
Table 4.2 Experimental parameters of the two systems
Latex Tg (°C) P(mm) A /P Substrate dimensions
System 1 13.4 2 3 0.36 2.5 cm X 2.5 cm
System 2 - 1 0 3 6 0.18 2.5 cm X 5.5 cm
For comparison reasons, latex films were dried under the mask under four different 
conditions for both systems:
(a) IRAEL: the latex film dried under the IR radiation (distance from lamp of 16.5 
cm).
(b) Covered IRAEL: same conditions as in IRAEL, except that the mask was 
covered with a glass plate. The difference between this method and IRAEL is 
that as the film is covered there is no modulation in the evaporative flux 
between the areas exposed to the IR radiation and those that are not exposed. 
However, there is still presumably a temperature gradient between these two 
areas.
(c) Hotplate at 60 'C: the latex film was placed on a hot plate under a mask. The 
difference between this method and IRAEL is that, in this case, the 
temperature of the film is uniform so there is no temperature gradient. 
However, there is presumed to be a difference in the evaporative flux between 
the open and the covered areas.
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(d) Standard evaporative lithography: the film was cast at room temperature under 
the mask. The difference between this method and IRAEL is that in this case 
there is no effect of the IR radiation. Possible pattern formation will occur 
only due to the difference in the evaporative flux between the covered and the 
open areas.
4.4.2.2 Results
The four samples of system 1 are shown in Fig. 4.7.
Fig. 4.7 Photographs of samples for system 1 prepared with (A) IRAEL, (B) covered IRAEL, (C) 
on a hotplate and (D) by standard evaporative lithography. The glass substrates of all the 
samples were 2.5 cm x 2.5 cm.
It is clear from Fig. 4.7 that in system 1, pattern formation was only possible when 
IRAEL and covered IRAEL was used. In addition, the raised features are better 
ordered after IRAEL (sample A) and there are more defects in sample B (covered 
IRAEL).
The four samples of system 2 are shown in Figure 4.8.
Fig. 4.8 Photographs of samples for system 2 prepared with (A) IRAEL, (B) covered IRAEL, (C) 
on a hotplate and (D) by standard evaporative lithography. The glass substrates of all the 
samples were 2.5 cm x 5.5 cm
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It is clear from figure 4.8 that in system 2 pattern formation was possible when 
IRAEL, covered IREAL and evaporative lithography were used. In addition the raised 
features are better ordered in evaporative lithography (sample D). The patterns were 
barely apparent when drying on the hot plate.
Furthermore 2-D profiles of the samples are presented in Fig. 4.9.
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Fig. 4.9 2-D profiles for films of (a) system 1 and (b) system 2. For both graphs: films prepai ed 
with IRAEL (—), covered IRAEL (-), Hotplate (•••) and standard evaporative lithography (---- )
In addition the mean peak-to-valley heights for all the samples are presented in Table 
4.3.
Table 4.3 Comparison of film topography for the four different methods
Methods Peak-to-valley heights 
(pm) 
for System 1
Peak-to-valley heights 
(pm) 
for System 2
IRAEL 136.6 ± 6.4 199.4 ±10.7
Covered IRAEL 103.6 ±11.3 201.7 ±10.6
Hotplate at 60 °C 7.1 ±1.9 13.78 ±3.4
Standard evaporative 
lithography
12.7 ±1.9 301.7 ±8.7
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The standard error on the mean peak-to-valley height is larger for covered IRAEL. 
This error is consistent with the irregularity in the pattern that can be observed 
visually.
4.4.2.3 Comparison of the different methods
(1) Comparison of IRAEL with covered IRAEL
From the comparison of these samples for both systems, we conclude that the pattern 
formation is mainly determined by the temperature gradient between the exposed and 
not exposed areas to infrared radiation. The open holes above these areas can enhance 
the pattern formation, but blocking them does not mean that the film will be flat.
(2) Comparison of IRAEL with hotplate at 60 °C
From comparison of these samples for both systems, we conclude that uniform 
heating of the films restricts the pattern formation (as there is no temperature gradient 
in the hotplate between the open and covered areas).
(3) Comparison of IRAEL with standard evaporative lithography
Before comparing the samples prepared with IRAEL with those prepared with 
standard evaporative lithography, it is important to compare the samples prepared 
with standard evaporative lithography for system 1 and system 2. The two systems 
have different IP  ratio. According to Harris^ in evaporative lithography for
hg IP>  0.3the film will be flat. Consequently, that explains the observed flat film in
system 1 (hg IP  = 036). However, in system 2, hg IP  = 0.18 and the film is
patterned.
There are two parameters varied between IRAEL and standard evaporative 
lithography. Both evaporative flux and temperature are higher in the IRAEL. 
ProvedPe=Jj^.^jdf^(P-d^) 14pD^hf we have that a higher evaporative flux, J,
increases Pe and enhances the pattern formation. On the other hand, from 
D ^= kT I 6npR for the diffiision coefficient, we have that a higher temperature leads
to faster diffiision which hinders the pattern formation. Finally, from these 
experiments it seems that the eflfect of the evaporative flux is stronger.
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This is in agreement with the results observed for the samples prepared with IRAEL 
and standard evaporative lithography in system 1. For system 2, we can explain why 
there is pattern formation in the sample prepared with the standard evaporative 
lithography. However, it cannot yet be explained why these features have higher 
peak-to-valley height than the sample prepared with IRAEL.
4.4.3 Effect of several parameters on the peak-to-valley height of the 
raised features
4.4.3.1 Introduction
The effects of several factors on the peak-to-valley height of the raised features have 
been studied, including: initial gap height between the mask and the underlying film 
hg ; pitch size P; volume fraction, (J) ; initial thickness of the wet film A, ; and thermal
conductivity of the substrate.
4.4.3.2 Effect of the initial gap height between the mask and the 
underlying film
Experiments were conducted in order to show the effect of the initial gap height 
between the mask and the underlying film on the peak-to-valley height of the raised 
features of the dried film, and to determine the target value of the hg which would be
used later in the other experiments. The mask was used in these experiments had a 
mm and P=1.5 mm. The solids content was 52 wt %. The initial wet thickness
was h^ =0.33 mm. Finally the hg was varied in the range from 0.5 mm to 1.7 mm. All
the films were cast on glass substrate (3 cm x 2.5 cm). The peak-to-valley height as a 
function of the hg is presented in Fig. 4.10
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Fig. 4.10 Peak-to-valley height as a function of A^for JP^l.5 mm
As shown in Fig. 4.10, a higher leads to lower peak-to-valley heights and hence
flatter films. A possible explanation for this result is that at h igherevaporat ion  is
not confined. Therefore the evaporative flux is uniform across the surface, and lateral 
flows are not set up. Furthermore from this graph, it can be concluded that the 
optimum is 0.7 mm as it gives us a relatively high peak-to-valley height and also
the mask was not so close to the wet film to risk being touched by it.
Furthermore, the data of Fig. 4.10 have been replotted. The peak-to-valley height has 
been plotted as a fimction o f IP  (Fig. 4.11) to compare it with the similar results
obtained through evaporative lithography by Harris et al^ .
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Fig. 4.11 Peak-to-valley height as a function of hg/T when P=1.5 mm
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On the one hand, from Fig. 4.11 using IRAEL, we have that for !P >1.2 the film is
flat. On the other hand, for standard evaporative lithography this happens for 
hg / f  >0.3. This happens possibly because the evaporative flux is higher in IRAEL
than in standard evaporative lithography. Consequently, one of the advantages of 
IRAEL is that for the same pitch, patterned films can be obtained using a higher hg.
This is really important from the practical point of view, as it gives more flexibility in 
designing the experimental settings.
Finally, the experiment has been repeated with a mask with P=3 mm and d^=2 mm
(Fig. 4.12). The solids content was 52 wt %. The initial wet thickness was =0.33
mm. The hg varied in the range from 0.5 mm to 1.9 mm. All the films were cast on
glass substrate (3 cm x 2.5 cm). The peak to valley height as a function of the hg for
this mask is presented in Fig. 4.12. The same trend is observed here for hg in the
range from 1 to 1.9 mm. It cannot yet be explained why lower peak-to-valley heights 
are observed for /Zg=0.5 mm and hg=0.1mm.
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Fig. 4.12 Peak-to-valley height as a function of hg for P=3 mm
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4.4.3.S Effect of pitch size
In order to determine the effect of the pitch on the peak-to-valley height of the raised 
features of the dried film, a series of masks has been used. The values of P were 0.4 
mm, 0.55 mm, 0.75 mm, 1.5 mm, 3 mm, 5 mm, 6  mm and 7 mm. In this series,
was fixed at 0.35. The masks were placed at gap distance of \= 0 .5  mm. The initial
wet thickness was kept constant at h^  =0.33 mm. The solids content also kept constant
at 52 wt %. All the films were cast on a glass substrate (5 cm x 2.5 cm). The peak-to- 
valley height as a function of P is presented in Fig. 4.13a. In addition the prediction of 
the geometric model under the same conditions is shown in Fig. 4.13b.
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Fig. 4.13 (a) Peak-to-valley height as a function of pitch (b) Prediction of the geometrical model 
under the same conditions
As shown in Fig. 4.13a, in the range firom P=OA mm to P=3 mm, a higher P leads to 
higher peak-to-valley heights, a trend which is in agreement with the predictions of 
the geometrical model. In the range firom P= 3 mm to P= 8  mm, there is a slow drop of 
the peak-to-valley heights as the pitch is increased. A possible explanation is that the 
effects of gravity become more evident at higher pitches. This trend is not predicted 
by the geometrical model as it does not talce in to account the effects of gravity (see 
section 4.4.3.7).
For a rough estimation of the effects of gravity we can assume that the raised features 
at the initial stages of pattern formation are similar to droplets of fluid.
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In a droplet the effects of gravity are significant only if the size is bigger than a 
characteristic length, the capillary length^ which is determined by:
= J —  (Eq. 4.8)
\P g
where y is the fluid-air surface tension (measured to be 4.7 x 10'  ^ (± 0.1 x 10^) N/m 
for latex C), p  is the density of the fluid (taken here as 10^  kg m'^), and g  is the 
acceleration due to gravity, such that =2 . 1  ± 0 .2 mm.
When , one would expect that the peak-to-valley height will be reduced under
the action of gravity. The model fails to predict the decreasing trend at higher pitches 
as it did not take into account the effect of gravity.
Moreover, only the general trend is predicted by the geometrical model (Fig. 4.13b), 
The model fails to predict accurately the values of the peak-to-valley height. Further 
discussion of the model’s shortcomings follows in Section 4.4.3.7.
4.4.3.4 Effect of solids content
Experiments were conducted in order to show the effects of latex sohds content on the 
peak-to-valley height of the raised features of the dried film. The mask had 
mm, P=3 mm and was placed at hg~Q.l mm. The initial wet thickness was kept 
constant at =0.466 mm. Finally the solids content was varied in the range from 10
wt % to 60 wt %. The initial sohds content was 52 wt %. On the one hand, to reduce 
the solids content DI water was added. On the other hand, to increase the solids 
content, the desired amount of DI water was evaporated. In order to achieve that, a 
specific amount of latex was placed in an open bottle, which next was placed on a hot 
surface of a magnetic stirrer (from Fisher Scientific). While the latex was heated and 
stirred, the temperature was measured in order not to exceed the polymer’s Tg. (The 
temperature was measured with an IR thermometer, Fisher Scientific.) All the films 
were cast on a glass substrate (3 cm x 2.5 cm). For the estimation of the particle 
volume fractions, the density of the water ( 1  g/cm^) and the density of the polymer 
(1.14 g/cm^) have been used. This density was obtained from the density of the 
PMMA" ’^ and PBA^ homopolymers and the known ratio of the two. The peak-to-
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valley height as a function of the volume fraction is presented in Fig. 4.14a In 
addition the prediction of the geometric model under the same conditions is presented 
in Fig. 4.14b.
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Fig. 4.14 (a) Peak-valley-height as a function of ^ (b) Prediction of the geometrical model under 
the same conditions.
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As shown on Fig. 4.14a for <j) in the range from 0.09 to 0.37, higher leads to higher 
peak-to-valley heights, a trend which is predicted by the geometrical model. (Again 
the absolute values of the peak-to-valley heights are not accurately predicted See 
Section 4.4.3.7). On the other hand, for the range from 0.37 to 0.57, a higher ^ leads 
to lower peak-to-valley heights, which is a trend the geometrical model fails to 
predict. A possible explanation is that at higher (J) the pattern formation is hindered by 
the shorter drying time. In order to predict the limit at which the drying time is shorter 
than the time needed for pattern formation, a Peclet number, Pg* is defined. This is
given by the ratio of drying time, over the convection time, orPg* =
(Eq. 4.9). The drying time is given by y  - — (Eq. 4.10), where J  is the
evaporative flux. In addition the convection time^ is given by
 ^flow 2u Jd,
(Eq. 4.11), where u -  (Eq.4.12) is the horizontal
2 A
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particle velocity,/? is the density of the fluid, and- - - —  (Eq.4.13) is the distance
from the centre of the masked region to a hole edge.
Consequently, the Pg* is given by Pg* = ■ (Eq.4.14).
tflow {P-^h)P
A high Pe* means that drying time is long in relation to the time to create patterns.
From Eq. 4.14 we have that when the drying time is shorter than the convection time, 
then Pg* < 1. In this limit, there is not enough time for texture formation before drying 
is complete. Furthermore, for the mask used in this series of experiments and for the 
density of water/? =1 g/cm^ we have Pe=l when^ = 0.5. Hence, when ^ >0.5, 
structure formation is expected to be restricted. This value is slightly higher than the 
limit of 0.37 possibly because we did not take into account the effect of diffusion.
4.4.3.S Effect of initial wet thickness
Experiments were conducted in order to show the effect of initial thickness of the wet 
latex film on the peak-to-valley height of the raised features of the dried film. The 
mask was used in these experiments had a <5^ ;,= 4 mm, P= 6  mm and was placed at
/Zg=0.7 mm. The solids content was kept constant at 52 wt %. Finally the initial wet
thickness varied in the range from 0.467 mm to 1.1 mm. All the films were cast on a 
glass substrate (5 cm x 2.5 cm).The peak-to-valley height as a function of initial wet 
thickness is presented in Fig. 4.15a. In addition the prediction of the geometric model 
under the same conditions is presented in Fig. 4.15b.
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Fig. 4.15 (a) Peak-to-valley height as a function of h; for P=6 mm. (b) Prediction of the 
geometrical model under the same conditions.
As shown in 4.15a thicker films lead to higher peak-to-valley heights, a trend which is 
predicted by the geometrical model. (Again the values of the peak-to-valley heights 
are not predicted. See Section 4.4.3.7).
Furthermore, the experiment has been repeated with a mask with dfj= 1 mm and
P=1.5 mm. The mask was placed at /Zg=0.7 mm. The sohds content kept constant at
52 wt %. Finally the initial wet thickness varied in the range from 0.2 mm to 0.866 
mm. All the films were cast on glass substrate (3 cm x 2.5 cm). The peak-to-valley 
height as a function of is presented in Fig. 4.16.
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Fig. 4.16 Peak-to-valley height as a function of h; for JP=1.5 mm
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As shown on 4.16, for \  in the range from 0.2 mm to 0.333 mm. thicker films lead to
higher peak-to-valley heights, a trend which is predicted by the geometrical model. 
On the other hand, for the range from 0.333 mm to 0.866 mm, thicker films lead to 
lower peak-to-valley heights, which is a trend the geometrical model fails to predict. 
For this range, the diffusion of the particles is possibly significant in comparison to 
the convection. In order to explain this trend, the concept of the Peclet number is 
used, as described in Chapter 1.4.8.3. According to P e = J A p D ^ h . ,  a
higher means a lower Pe.  Furthermore at low Pe,  diffusion dominates and hence 
this results in lower peak-to-valley heights.
From this discussion, it becomes apparent that it will be usefiil to plot the peak-to- 
valley height as a function of the Pe.  Moreover, as the Pe is unitless, the peak-to- 
valley height values should be normalised (divided here by the h^  ). The normalised 
peak-to-valley heights as a function oîPe  is presented in Fig. 4.17. The data presented 
here are those with a mask with a P=1.5 mm (square) and P= 6mm (triangles). An 
additional data series, with a mask with aP= 3mm (circles), has also been used.
For the estimation of the Pe, // = 1 • 10~^Pa • sec,
= 43.9 • 10“^  (±1.8 • I0~^)g/(cm^ • sec) and T=332 K are used. Appendix B shows 
how these values were obtained.
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Fig. 4.17 Normalised peak-to-valley height as a function of Pe for jP=1.5 mm (square), P= 3mm 
(circles) and P= 6mm (triangles)
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From Fig. 4.17 it is very interesting that most of the data collapse onto a trend line. 
These data follow the trend predicted by Pe (thicker films lead to lower peak-to- 
valley heights). On the other hand, for thinner films the data follow a trend that is 
opposite to which is predicted by the geometrical model. From this discussion, as 
neither the geometrical model nor the Pe concept predicts all the data trends, it is clear 
that there is a need for a more accurate model to be developed.
It is suggested that an alternative model should be based on the preliminary studies on 
evaporative lithography done by Routh and Russel^. As described in Chapter 1, 
Section 1.4.8.2 in this model the horizontal distances were expressed in units of X, 
which is a capillary length. This capillary length is the distance the surface tension 
drives the shape at the edge of the film, in the time that evaporation takes to reduce 
the film height^. This model drives us to the designing of another experiment in which 
the effect of the initial wet thickness on the peak-to-valley height will be studied.
When the h^  is varied, then the equation L = (Eq. 4.15) indicates that
also the L changes proportionally. As the P  is expressed in units of X in the RR model, 
when the changes, the P in the model also changes. For this reason, an experiment
was designed where the Plh^ was kept constant and equal to 6. The masks had P  in
the range from 0.75 mm to 7 mm. The peak-to-valley height as a function of is
presented in Fig. 4.18.
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As shown in 4.18 thicker films lead to higher peak-to-valley heights. In contrast to the 
results in Fig. 4.16 (P=1.5 mm) the results follow a single trend with h. .These results 
will be compared to the RR model predictions in the fiiture.
4.4.3.6 Effect of substrate
Experiments were conducted in order to show the effect of different types of substrate 
on the peak-to-valley height. It was assumed before the experiment that there would 
be an effect of the thermal conductivity on the peak-to-valley height of the raised 
features on the patterned film. The thought is that higher thermal conductivity (k) will 
lead to faster heat flow in the substrate. That means that there will be uniform heating 
of the wet film and hence no pattern formation (Fig. 4.19).
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Fig. 4.19 Schematic view of the assumption that higher thermal conductivity will lead to more 
uniform heating of the wet latex film
A series of substrates with different k  has been studied. The substrates are listed in 
Table 4.4. The mask that was used in these experiments had a = 2 mm and P=3
mm. The solids content was 52 wt %. The initial wet thickness was \  =0.6 mm.
Finally the was adjusted to be the closest possible, without the mask touching the
wet film. (It was not possible to keep it constant as there was a bending of the paper 
samples after the casting of the latex.) The dimensions of all the samples were 3 cm x
2.5 cm. The result are sununarised in the Table 4.4.
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Table 4.4 Peak-to-valley height for different substrates
Substrate Thermal Conductivity^ (W/mK) Peak-to-valley height (pm)
Polyester sheet^ 0.027 89.9±4.5
Coated paper^" 0.027 136.5±7.8
Paper 0.18 80.4±16.0 ,
Glass 1.4 181.6±3.8
Steel 15.1 169.8±3.6
Aluminium 237 156.3±7.5
Copper 401 191.9±2.8
Furthermore, the peak-to-valley height has been plotted as a function of the thermal 
conductivity of these substrates (Fig. 4.20).
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Fig. 4.20 Peak-to-valley height as a function of thermal conductivity for a variety of substrates
As shown in Fig. 4.20, the peak-to-valley height does NOT correlate with the thermal 
conductivity of the substrate, which was not expected before the experiment. After 
these experimental results, the possible effect on the peak-to-valley height of the 
absorption of the different materials in the wavelength range of our lamp and the heat 
capacity of the substrate has been investigated. In order to study how the combination 
of these parameters affects the peak-to-valley height, the temperature increase of the 
different samples has been measured.
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A simple experiment has been designed to compare the IR heating of the substrates. 
The substrates were placed below the IR lamp at the same distance as in the previous 
experiment. In this case, the bare substrate was placed under the lamp without a mask. 
The temperature of the substrates was measured after 5 min. exposure by infrared 
radiation. The infrared non-contact thermometer has been used to measure the 
temperature of the substrate. The experiment was repeated three times. The values 
presented here are the mean values. Figure 4.21 shows the peak-to-valley heights as a 
function of the temperature increase for these substrates.
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Fig. 4.21 Peak-to-valley height as a function of the temperature increase for a variety of 
substrates
The temperature increase is related to the IR absorption. More strongly-absorbing 
substrates will heat up more. Also, the temperature increase is inversely related to the 
heat capacity, for a given amount of heat absorbed.
It is clear from Fig. 4.21, that higher temperature increase leads to higher peak-to- 
valley heights. Furthermore, if the water was likewise heated to higher temperature, 
that would mean a higher evaporation rate. From Pe = J A p D ^ h ^  we
have that higher evaporative flux increases Pe and enhances the pattern formation.
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Consequently this can explain the observed trend for most of the substrates in Fig. 
4.21.
In addition, it was noticed that when the paper sample was removed from the sample 
holder there was water concentrated below it. This absorption of the water by the 
substrate means that the solids content of the latex was higher. As found in section 
4.4.3.4, solids content higher than 50 % leads to smaller peak-to-valley heights. This 
can explain the lower peak-to-valley height observed for the paper sample. Moreover, 
we cannot yet explain why the peak-to-valley height for the glass substrate does not 
follow the general trend. Finally, this series of experiments confirms that the IRAEL 
is applicable on a variety of substrates.
4.4.3.7 Discussion on the geometrical model
As noticed in sections 4.4.3.3-4.4.3.5 the geometrical model predicts the observed 
trends, but fails to predict the peak-to-valley heights values measured in the 
experiments. The main assumption of the model is that the whole volume of the 
polymer of the latex is used to form the raised features with a height of hf. However, 
visual observation of the samples makes it clear that the raised features are formed on 
the top of a thin film of polymer with thickness of hp. That means that not all the 
amount of the polymer is used for the raised features and hence this results in smaller 
peak-to-valley values (fr) than those predicted by the model (Fig. 4.22).
h,
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Fig. 4.22 Schematic view of (a) the assumed patterned film and (b) the real one
The thiimest hp (Fig. 4.23) was observed when 4 wt % PEDOT/ PSS was added to the 
latex before the casting of the films. To prepare these sample, a mask with df^ = 2 mm
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and P= 3 mm was used and placed at /Zg=0.7mm. The initial wet thickness was 
/?. ^0.53 mm. The mean peak-to-valley for this sample was 358±11 pm. Under the
same conditions the geometrical model predicts a value of 612 pm, which is 70 % 
higher than the experimental values.
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Fig. 4.23 Photographs ( 1.5 cm x 1.5 cm) of (a) the sample with the thinnest hp. The raised 
features look more like independent spherical caps, (b) Example of the continuous pattern 
observed in most of the samples.
This error of the model maybe sounds quite big, but it is not if we consider that the 
predictions for the pure latex presented in this chapter are two to four times higher 
than the experimental peak-to-valley heights. The relevant high peak-to-valley value 
for this sample can be explained by the fact that the PEDOT/ PSS is highly absorbing 
in the range of the wavelengths the IR lamp emits as showed in Chapter 3. Higher 
absorption means higher evaporative flux and hence higher peak-to-valley heights as 
already discussed in sections 4.4.3.5-4.4.3.6. In addition, it is important to mention 
that for this sample the patterned surfaces look more hke independent spherical caps 
instead of the continuous pattern presented in all the previous work.
Apart from that, there also other parameters which the model did not take into 
account. These include the evaporation rate, viscosity of the latex/ polymer, and the 
effects of the gravity. Finally, we questioned if the assumption that we consider the 
base diameter of the spherical cap equal to the P is correct or if the base should equal 
the du.
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4.5 Other type of patterns
4.5.1 Introduction
In addition to the masks described in section 4.2, other types of masks or 
combinations of more than one mask have also been used in order to achieve more 
complicated structures.
4.5.2 Linear pattern
A mask with long, rectangular holes (Fig. 4.24a) has been used in order to achieve a 
linear pattern. The dimensions of the holes were 2 mm x 35 mm and the edge to edge 
distance of the holes was 1mm. The mask was placed at /ig^O.5 mm. The solids
content was kept constant at 52 wt %. The initial wet thickness was 0.53 mm.
The film was cast on a glass substrate (2.5 cm x 1.5 cm). A photo of the final film is 
shown in Fig. 4.24b. Furthermore a 2d profile obtamed through profilometry is also 
shown in Fig. 4.24c. Finally from 4.24c. we have that the peak-valley-height of the 
linear features is around 300 pm.
35 mm
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(a) (b) (c)
Fig. 4.24 (a) Schematic view of the mask with the rectangular holes (b) photo of the sample with 
linear pattern (c) 2d profile of the same sample
4.5.3 Hexagonal pattern
A mask with hexagonal arrangement of the holes has been used (Fig. 4.25a). The hole 
diameter was =2 mm and the pitch P=4 mm. The mask was placed at =2 mm.
The solids content was kept constant at 52 wt %. The initial wet thickness was h^  =
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0.7 mm. The film was cast on a glass substrate (7.5 cm x 5 cm). A 3d mapping of the 
film obtained through profilometry is shown in Fig. 4.25b.
(a) (b)
Fig. 4.25 (a) Schematic view of the mask with the hexagonally arranged holes (b) 3d mapping of 
the a film with the raised features arranged in an hexagonal pattern
4.5.4 Structures with two wavelengths
Two masks were used together in order to achieve a patterned dried polymer surface 
with two sizes of topography. A mask with d^=5mm (f=7mm) was placed directly
above a mask with dj=\ mm holes (F’=1.5mm). The bottom mask was placed at
/Zg=0.7 mm. The initial wet thickness was A. =0.33 mm. The film was cast on a glass
substrate (3 cm x 2.5 cm). A 3d mapping of the film is shown in Fig. 4.26. In this 
figure it is clear that two length scales are observed in the patterned surface.
Fig. 4.26 3-D mapping of a film having two sizes of topography and obtained with the use of 
combination of two masks with different pitches (P=7mm and P=1.5 mm respectively)
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Furthermore, in order to study the effect of the initial wet thickness on the topography 
of the final film a series of samples has been prepared. A mask with J^^=4mm
(P=6mm) was placed directly above a mask with =0.5 mm (P=0.75 mm). The
bottom mask was placed at hg=Q.5 mm. The initial wet thickness was varied from 0.2
mm to 0.7 mm. The films were cast on glass substrate (3 cm x 2.5 cm). Examples of 
three of them with varying initial wet thicknesses are shown in Fig. 4.27.
(a) (b) (c)
Fig. 4.27 3-D mapping of films having two sizes of topography and obtained with the use of 
combination of two masks with different pitches (P=7mm and P=1.5 mm respectively) and having 
initial wet thicknesses (a) /ej=0.2mm, (b) hi =0.26 mm and (c) hi =0.46 mm respectively
From Fig. 4.27 we observe that for a low initial wet thicknes, neither small nor big 
features appear on the final dried film. Furthermore for medium initial wet 
thicknesses, there are both small and big features, whereas at high initial wet 
thicknesses there is a domination of big features. Here, for the big features we have 
that thicker films lead to larger peak-to-valley heights. This trend is in agreement with 
the prediction of the geometrical model, and also with the experimental results for 
large pitches presented in Section 4.4.2.5.
4.6 Diamonds holes among raised features
4.6.1 Introduction
Visual observation of the samples, lead us to the conclusion that diamond holes were 
formed among the raised features in some of the patterned polymer films. An example 
is shown in Fig. 4.28a. A possible explanation for this result follows. Assume that we
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have a latex particle in the centred-area among the four areas exposed to IR (Fig. 
4.28b). During drying the particle can go to any of the four raised features which will 
be formed close to it. Assuming that this happens for all the particles in the centred- 
area, flow in four directions will lead to the formation of the diamond holes. Further 
studies have been made in order to find what affects the size of the diamond holes and 
under which conditions they appear. Linear valleys result when the flow is in two 
directions.
(a)
(b)
Fig. 4.28 (a) photo of a sample with diamond holes formed among the raised features (h) 
schematic view of the possible formation of the diamond holes
4.6.2 Effect of pitch on the diamonds holes size
For this study, samples already prepared for previous experiments have been studied. 
The samples are all with initial wet thickness =0.86 mm and the pitch varies fi-om
1.5 mm to 6 mm. The diagonal of the diamond holes (Fig. 4.29a) as a function of the 
pitch is presented in Fig. 4.29b.
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Fig. 4.29 (a) Schematic view of the diagonal of a diamond hole (arrow), (b) diamond diagonal as a 
function of the pitch
As shown in Fig. 4.29b, bigger pitches lead to bigger diamond holes.
4.6.3 “Phase diagram”
More careful observation of the samples leads us to the conclusion that in some 
samples there are no open holes but just a local depression at the centred-area in the 
middle of the four raised features. For this reason and to find the conditions under 
which the diamond holes or local depressions appear, the pitch is plotted as a function 
of the \  in the “phase diagram” (Fig. 4.30). There, for each sample one of the
following symbols is used: diamonds (open holes), half-filled diamonds (depressions 
but not hole) and filled diamonds (neither hole nor depression). The samples were 
prepared as described in Section 4.4.
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Fig. 4.30 Phase diagram of P  as a function of /ij, where three different symbols are used: 
diamonds (open holes), half-filled diamonds (depressions but no holes) and filled diamonds 
(neither hole nor depression).
From fig. 4.30, it is clear that there is a trend on where the holes appear. Furthermore, 
the holes develop only at higher pitches and in thicker films. For a given thickness.
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the pitch cannot be too high or too low in order to have holes. Finally, for a given 
pitch, in the range from P=3 mm to P= 6 mm, holes appear only in thicker films.
4.7 Conclusions
In summary a new technique has been developed for patterning of polymeric 
surfaces^ \  In this technique a mask with holes is placed above a drying latex film or 
drying polymer solution. Then, the film is exposed to near IR radiation. This 
technique combines the principles of standard evaporative lithography with the 
infrared assisted latex particle sintering method described in Chapter 3. The effect of 
several parameters on the peak-to-valley height of the raised features has been 
studied. Specifically, experiments showed that lower , larger P (with a maximum at
5 mm), higher solids volume fraction (with a maximum at 0.37) and higher h,. lead to
higher peak-to-valley heights. In order to explain these results a simple geometrical 
model has been developed. In addition it was shovm that the peak-to-valley height is 
affected by the substrate on which the latex film was cast.
The proposed technique has many advantages compared to other common patterning 
techniques. Specifically, a broad range of features can be achieved, there is no use of 
solvents, the energy consumption is lower compared to other techniques and also it is 
a simple, fast and cheap technique. Finally, it is important to mention that the infrared 
heating of the latex films above the glass transition temperature of the polymer, makes 
possible the film formation of hard latexes as opposed to the standard evaporative 
lithography, which requires a latex that film forms at room temperature.
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Chapter 5
Summary and potential future work
5.1 Summary
This work was mainly concentrated on two different topics. The first one was the 
proposal of two different approaches for solving the cracking problem in latex films. 
The second one was the development of a new technique for the patterning of 
polymeric surfaces. A discussion on the key finding of this work will follow.
In Chapter 2, the addition of carbon nanotubes is proposed as a method to increase the 
critical cracking thickness of hard latex films. It was found that bigger latex particles 
lead to higher critical thicknesses. Furthermore, the addition of pure PVP and 
MWNT/ PVP dispersion in latex resulted in higher critical thicknesses (up to 30 % 
higher).
In Chapter 3, a new method has been proposed for sintering of hard latex particles 
with the aid of infrared radiation. It was found that the rate of particle sintering under 
IR is significantly greater than in an oven at 60 °C. In addition, it was found that the 
addition of IR absorbing materials resulted in faster particle sintering compared to the 
pure latex under IR. These results have been analysed with the sintering model 
proposed by Perez and Lang\ No plasticizers were required, and no-VOCs were 
released in the process. Furthermore, with this method the critical cracking 
thicknesses of hard latex films has been increased^ up to 100 pm, which is 
approximately 6 times higher than the critical cracking thickness obtained with the 
method proposed in Chapter 2. Finally, it was demonstrated that films with IR 
absorbers become more transparent when exposed to IR than the pure ones for a given 
exposure time because of faster sintering.
In Chapter 4, the development of a new technique is described, called Infrared 
Assisted Evaporative Lithography (IRAEL), which is used for the patterning of 
polymeric surfaces. This technique combines the principles of standard evaporative 
lithography with the infrared assisted latex particle sintering method described in 
Chapter 3. The effect of several parameters on the peak-to-valley height of the raised
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features has been studied. Specifically, experiments showed that lower , larger P
(with a maximum at 5 mm), higher solids volume fraction (with a maximum at 0.37) 
and higher h^  lead to higher peak-to-valley heights. In order to explain these results a
simple geometrical model has been developed. In addition it was shown that the peak- 
to-valley height is affected by the substrate on which the latex film was cast. 
Furthermore, not only patterns with arrays of spherical caps have been demonstrated 
but also linear and more complicated patterns were achieved.
Finally it is important to mention that IRAEL has many advantages compared to other 
common patterning techniques. Specifically, a broad range of features can be 
achieved, there is no use of solvents, the energy consumption is lower compared to 
other techniques, and it is applicable to a variety of substrates. Also it is a simple, fast 
and cheap technique. Furthermore, the infrared heating of the latex films above the 
glass transition temperature of the polymer makes possible the film formation of hard 
latexes as opposed to the standard evaporative lithography.
5.2 Potential future work
In Chapter 2, it is mentioned that the increase in the critical cracking thickness with 
the addition of only the PVP cannot be explained yet. Further experiments should be 
done in order to explain this effect.
In Chapter 3, only one latex has been studied. It is suggested that in the future also 
latexes with other particles sizes should be studied in order to study the effect of 
particle size on the rate of sintering. In addition, to optimise the heating, ER lamps 
with emission wavelength ranges which overlap with the absorption of the polymers 
could be used.
Furthermore as discussed in Chapter 4, there is a need for a development of a new 
model for the IRAEL based on the model for evaporative lithography developed by 
Routh and Russel^. After the development of the model the experimental results will 
be compared with the predictions of the model. In addition, it is suggested that the 
patterned surfaces should be studied with Atomic Force Microscopy. These studies 
should concentrate on the dependence of the sintering of the latex particles on the
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location of the latex particles. There is the possibility that latex particles located in the 
top of the raised features will sinter more than those located in the areas between the 
raised features. Moreover, it is suggested that film from binary systems of latex and 
nanoparticles should be used in IRAEL and the results should be compared with those 
presented by Harris et al"^ . Furthermore, experiments should be designed to study the 
effect of a temperature gradients and the possible effect of the surface tension 
gradients (i.e. Marangoni effects). Moreover, as the effect of the type of substrate on 
the peak-to-valley height of the raised features is not fully clear, new experiments 
should be designed to understand this effect. In addition, the possibility of using 
IRAEL to pattern polymer coatings on curved substrates should be investigated. 
Finally, addition of nanoparticles in the multiple-length scale patterned surfaces, 
developed with a combination of masks, may result in roughness of the surface at 
even smaller length scales. This is really important in applications like antifouling.
Apart from the fundamental work to understand the developed techniques, further 
research should concentrate on the use of the two innovations in commercial products. 
The infrared sintering can be used as an alternative way for coating surface, instead of 
using coatings with solvents. These can include the coating of house apphances 
(external surfaces of fridges, laundrettes etc), cars, planes, boats, wind turbines etc.
The IRAEL can be possibly used for patterning of soft or hard latexes films. There is 
an interest in the patterning of latex gloves in order to make them less slippery or 
condoms to increase pleasure. Furthermore, possible application of a patterned hard 
latex film can include: arrays of lenses at the millimetre scale, aesthetic effects like 
the decoration of vases, anti-slippery surfaces for example in floors of boats and 
finally to introduce partially opacity of surfaces.
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Appendix A
Evaporative flux and temperature increase 
A1 Introduction
Initial studies were concentrated on the water evaporation rates and temperature 
increase in latex under IR radiation. Two systems were studied: DI water and latex 
dispersions. For both systems, the evaporation and temperature increase were studied 
at room temperature, under the exposure of IR in pure dispersions, and under the 
exposure of IR with the aid of IR absorbing materials.
A2 Experimental procedure
The following solutions and dispersions had been studied
1. pure DI water
2. a DI water solution with 0.013 wt % carbon nano tubes (CNT)
3. a DI water solution with 0.13 wt% PEDOT/PSS
4. pure latex
5. latex with 0.021 wt% CNT and
6. latex with 0.25 wt % PEDOT/PSS
The latex used here is the latex C as described in the materials section of Chapter 2. In 
addition, the carbon nanotubes dispersion used here is the same as described in 
section 2.2.3 of Chapter 2.
Evaporation at room temperature
10 g of the sample (pure DI water or latex) were placed in a 100 ml Pyrex beaker. The 
weights were measured every 5 minutes for 30 minutes using a digital balance.
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Fig. A l Experimental settings for the evaporative fluxes and temperature increase experiment
Evaporation and temperature increase under IR
10 g of dispersion (either latex or DI water, with or without IR absorbing material) 
were placed in a 100 ml Pyrex beaker. After that, samples were exposed under IR for 
t=30 min over 5 min intervals (Fig. A2). During the stops, the beaker was placed on 
the electronic balance and the weight was measured. At the same time, the surface 
temperature was measured with a non- contact IR thermometer.
145
A3 Results
The results follow in Fig. A2.
Temperature vs Time (water)
80 1
70 -
60 ■
O 50 ■
■S 40 -
10 -
15 20
Time (min)
(a)
Weight vs Exposure Time (water)
12 n
O)
t
20 300 15 255 10
Time (min)
(c)
Temperature vs Time (latex)
250 -I
200 -
150 -
50 -
Time (min)
(b)
Weight vs Exposure Time (latex)
11.5-,
10.5 -
10 I t
■2 9.5 -
I
7.5 -
3025200 5 10 15
Time (min)
(d)
Fig. A2 Temperature as a function of IR exposure time for (a) water solutions and (b) latex 
dispersions. Weight as a function of IR Exposure time for (d) water solutions and (d) latex 
dispersions. For both systems, pure systems (black), systems with CNT as an absorbing material 
(red), and with PEDOT/PSS as an absorbing material (blue) were exposed to IR. In addition, DI 
water and latex at room temperature (green) are shown for comparison.
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In Fig. A2 the mass loss and temperature are presented for aqueous solutions and 
latex. It is useful to calculate the evaporative flux, J ,  for the above systems. This is 
given by:
where the dm/dt is given by the slope of the weight vs time graph (Fig. A2c and d) 
and A is the top open circular area of the beaker. As the radius of the beaker is R=2.5 
cm, this surface area is 19.25 cm .^ The evaporative fluxes for all the above systems 
are presented in Table A l. The errors are given by the error on the slope divided by 
the surface area.
Table Al: Evaporative flux
Sample Conditions Evaporative Flux 10"^  g/(cm^*sec)
Pure DI water Room Temperature 1.9±0.I
Pure DI water Under IR I16.9±7.2
DI water with NT Under IR I83.8±10.8
DI water with PEDOT Under IR 203.8±14.1
Pure Latex Room Temperature I.3±0.2
Pure latex Under IR 75.5±3
Latex with NT Under IR I02.1±4.6
Latex with PEDOT Under IR 52.6±4.8
In Fig. A2a, a fast increase in the temperature of the water solutions for the first 10 
min. is shown and after there is a plateau in the temperature (this is explained in the 
next section). As the PEDOT/PSS and the CNT are IR absorbing materials, this 
explains the higher temperatures reached compared to the pure DI water. For the same 
reason, the higher temperatures with PEDOT/PSS and CNT compared to the pure 
latex in Fig A2b, can be explained.
In addition, from Fig. A2c, Fig. A2d and Table A l, we can conclude that the J  is 
higher in the case of DI water samples compared to the latex samples. In the case of 
the latex samples during the drying under IR, a skin film formation was observed, by 
visual observation. This skin probably affected the evaporation of the solvent and 
hence this explains the higher J  in the case of DI water. Furthermore, the use of IR
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radiation resulted in a 60 times increase in the J  of water solutions and latex 
compared to the J  at room temperature. The addition of CNT as an absorbing 
material^ resulted in a 58 % increase in the J  under IR radiation in the DI water, and 
35 % increase in the case of latex. The use of PEDOT/PSS as an absorbing material 
(Appendix Al) resulted in a 74 % increase in the J  in the DI water under IR radiation, 
and a decrease in the case of latex, when under IR radiation. This was not expected 
for the case of the latex, as it reaches higher temperatures (on the skin), but maybe 
there was a strong absorption on the surface, and hence the water temperature did not 
rise that much. Finally, as the temperature was rising, so one might expect a faster J , 
but this did not happen maybe because of the skin formation.
A4 Energy calculations
In order to explain the graphs for the temperature increase as a function of the 
exposure time under IR, some energy calculations are needed.
Energy radiating the sample
Suppose that we have the IR lamp with diameter 2ri, at a distance R from the Pyrex 
beaker which has a diameter 2r2 (Fig. A3).
2ri=13cm
R=17cm
2p2=5cm
Fig. A3 Schematic view of the lamp and the sample 
First of all, from Wien’s law and bearing in my mind that the wavelength of
maximum emittance is 1.2 pm for the lamp, we have that the temperature of the lamp
is T=2416.7 K. From this and from Stefan- Boltzman’s law (section 1.3.3), the power
per unit area the lamp emits is given as
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S = ff-T ‘^ (Eq.A2)
To calculate the total energy emitted from the lamp, we need to multiply the surface 
of the hemisphere with the power per unit area, so:
p  = i | L 5  (Eq.A3)
The next step is to calculate the amount of power to reach the sample. So, the power 
per unit area at distance R is given by
. '= ^ ( E q . A 4 )
In addition, the power at the surface of the sample is given from the product of the 
area of the sample and the S '
P'= E m i  (Eq. A5)
Finally, the heat energy radiated by the lamp to the sample, after 10 min of IR 
radiation is given by:
Q , = F t ^ 3 U  (Eq.A6)
Energy usedfor the heating and evaporation o f water
The energy used for heating can be calculated from the following equation if we know 
the mass of the water, M, and the temperature increase AT
6a,,, =,%CAT (E(i. A7)
Where C is the specific heat capacity^, for water C=4.187 kj/kg K.
From Fig. A3 we can find the amount of water evaporating after 10 min of radiation. 
It is also known that the latent heat capacity of watei^ is 2.270 kJ/kg. From these two, 
the heat of vaporisation can be calculated.
Calculations using data in Fig. A3 showed that after 10 min the total energy used for 
the heating of the water and for the vaporisation is:
Q l  = Q h ea t  + Q ra p  = (Eq. A8)
It can be seen that is approximately equal to ,
a = 6 2 ( E q . A 9 )
This result explains the plateau observed in the temperature- time curves for the 
samples with DI water. Initially, some of the energy absorbed from the water 
increases the temperature up to a higher value. After that the energy is used for the
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vaporization. For the latex sample, there is no plateau as the polymer holds heat and 
does not evaporate, hence T increases.
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Appendix B
Measurements of free evaporative flux and temperature for the 
estimation of the Pe 
B l. Evaporative flux 
B l.l  Experimental procedure
In order to estimate the value of the free evaporative flux for the estimation of the Pe, 
in Section 4.4.3.5 Ch. 4, the following experiment has been designed. 1.5 g of latex C 
(the same latex as described in materials section of Chapter 2) was cast on a glass 
substrate (4 cm x 5.5 cm). The latex with the glass substrate were placed 16.5 cm 
below the IR lamp. The weight of the latex was measured every two minutes for 12 
minutes using a digital balance.
B1.2 Results
The weight of the latex as a function of time is plotted in Fig. Bl.
1.6n
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JZD)
0.9-
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Time (min)
Fig. B l Weight as a function of infrared exposure time
From the slope of this graph and the surface area of the film (Eq. A l, Appendix A), 
we have that the free evaporative flux is = 43.9 • 10"^(±1.8 • 10“^ )g/(cw^ • sec).
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B2. Temperature measurement 
B2.1 Introduction
The temperature of the latex film is not constant during IRAEL. The film is at room 
temperature before exposure to infrared radiation and reaches a higher temperature 
Tmax at the end of the experiment. It was decided for the estimation of the Pe, the Tmax 
would be used.
B2.2 Experimental procedure and results
In order to measure the Tmax, a latex film with /z,.=0.33 mm was cast on glass
substrate (3 cm x 2.5 cm). A mask with mm and P= 1.5 mm was placed 0.7
mm above the wet film. The sample was placed 16.5 cm below the IR lamp. The film 
was irradiated by the IR lamp for approximately 30 min. Finally, the lamp was 
switched off, the mask was removed and the Tmax was measured with a noncontact 
thermometer. The Tmax was equal to Tmax= 59 °C or Tmax= 332 K.
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